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SYNOPSIS 

The thesis entitled "Control of Metal-Ligand Orbital 
Interactions and Dinuclear Oxo-Bridged Core Formation with 
Tridentate Nitrogenous ligands", has been divided into seven 
chapters . 

Chapter 1 (Introduction) presents an overview of the known 
chelate chemistry of tridentate nitrogenous ligands. Also 
included is a very brief outline of the biological implications 
of the oxo-bridged diiron and dimanganese units. This chapter 
also describes the scope of 'the present work which stems from the 
following facts: (i) there were no reports on systematic studies 
of identification of steric effect over electronic in a closely 
related group of complexes; (ii) number of high-spin iron(II) and 
cobalt(II) complexes with M^^Ng coordination sphere are limited; 
moreover M^^/M^^ redox potential data for these two couples with 
non-porphyrin nitrogenous ligands are rather restricted, (iii) 
(u-oxo)bis(n-carboxylato)diiron(III) unit is now known to be 
present at the active sites of an emerging group of non-heme iron 
containing proteins and enzymes . In recent years a quite 
extensive research is on to synthesize low-molecular-weight 
structural and/or electronic structural analogues for better 
understanding of the structure-function relationships in these 
proteins, (iv) a comprehensive electrochemical study on (U'* 
oxo)bls(U'’carboxylato)diruthenium(lII) was not done although 
several compounds were reported having similar core structure, 
(v) bi8(u~oxo)dimang4U]iese(IV,IIl} core is believed to be present 
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in the water-oxidizing enzyme in photosystem II; model studies 
of this core structure are of considerable current interest. Each 
of these problems has been dealt with in subsequent chapters. 

Chapter 2 describes the effect of methyl substituents 
adjacent to donor atoms on the complexing properties of a novel 
family of three tridentate (N 3 ) pyridylpyrazole ligands. In the 
course of this investigation a series of grossly octahedral 
manganese(II) (£ = 5/2), iron(II) {& = 2). cobalt(II) (£ = 3/2), 
nickel(II) (S. = 1), and ruthenium( II ) (S. = 0) complexes embracing 
the CO ordination sphere has been synthesized. The metal 

CO ordination environments in iron(II), cobalt (II), nickel (II), 
and rutheniumdl ) complexes have been revealed by NME 

spectroscopy. From an analysis of their ligand field spectral 
behavior an estimate of Da values has been made for these three 
ligands toward iron(II), cobalt(II), and nickel(II). It has been, 
observed that increased steric crowding progressively decreases 
the value of Da for these tridentate lig.nds in their grossly ‘ 
octahedral complexes. This underscores the fact that within these 1 
three ligands more the methyl substituents near the donor site : 
weaker the strength of their ligand fields. Cyclic voltammetric | 
experiments in MeCN solution neatly demonstrate, that for first- i 

i 

row transition metals (Mn, Fe, and Co), the potentials for | 
ulll/ljll jfdMiox couple increase with increasing methyl substituents 
near donor site. This is a clear demonstration of the 
predominance of steric over electronic effect; but the trend is 
opposite in the case of second-row transition metal like 
ruthimiinKi. Due to its larger sise it overrides the steric effect. 
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Chapter 3 describes the solid state structure of a repre- 
sentative iron(II) bis-chelate determined by three-dimentional 
X-ray diffraction, which shows a severely distorted octahedral 
coordination with the longest Fe-N (pyridine) bond distance among 
all known high-spin FeHN 0 systems. This highly distorted solid 
state structure is retained in solution as revealed by its NMR 
study . 

Chapter 4 deals with a new iron(II) spin-equilibrium system 
with singlet (^Aj) f=- quintet (^T 2 ) transition utilizing the 
unsubstituted tridentate ligand used in Chapter 2. This interest- 
ing behavior has been characterized by variable-temperature 
magnetic susceptibility and Mdssbauer spectral measurements. 

Chapter 5 describes the synthesis, characterization, and 
reactivity of a group of novel ()ji“oxo)bis(n-carboxylato)di- 
iron(III) and (>jL-oxo)bis(uL-diphenylphosphato)diiron(III) complexes 
with tridentate Ns-capping ligands, 2 -pyridylethyl-( 2 -pyridylmeth- 
yl)amine(HL) and its N-methylated derivative ( MeL ) . These complexes 
exhibit infrared, absorption, and Mdssbauer spectral features 
characteristic of triply-bridged diiron(III) complexes as well 
as non-heme oxo-bridged proteins with similar core. These 
complexes are antiferromagnetically coupled which has been 
confirmed by variable-temperature magnetic susceptibility measure- 
ments. The lability of bridging acetate groups has been denon- 
strated by exchange with diphenylphosphate and deuteroacetate as 
revealed by absorption and NMR studies respectively. 

Chapter 6 describes the synthesis, characterization, and a 
novel reactivity property of a triply bridged diruthenium(III) 
complex having core with Met as capping 
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ligand. The purplish-blue diamagnetic complex exhibits in MeCN 
solution two oxidative responses due to Ru^VRuIII/RuIIIg and 

couples respectively, and two reductive responses 
due to RuH^RuH/RuH 2 couples respectively. 

The red one-electron oxidized species, generated chemically 
and/or electrochemically is very sensitive toward moisture giving 
back the blue diruthenium( III) complex. The intense purplish- 
blue and red colors are due to the charge-transfer transitions 
involving {Ru 2 (u-O) and {Ru2(m-- 0)}^'^ ions respectively. 

Chapter 7 describes a novel triply bridged mixed-valance 
dinuclear manganese complex containing the CMn 2 (jJ-- 0 ) 2 (u- 0 Ac) ]2+ 
core with MeL as capping ligand. The complex is strongly anti- 
ferromagnetically coupled which has been revealed from variable 
temperature magnetic susceptibility experiments. The frozen 
solution ESR spectrum of the complex at 77 K exhibits sixteen 
^^Mn hyperfine pattern centered neajr g » 2.0. A well-resolved 
quasireversible oxidative response due to couple 

and an irreversible reductive response due to MnI^Mn^^I/Mn^^l2 
couple were observed in MeCN solution. The one-electron oxidized 
species generated chemically and/or electrochemically is stable 
in MeCN solution. Dnlike dimanganese(IV,III) complex, the oxidized 
product did not give ESR spectrum at 77 K. 
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CHAPTER 1 


INTRODUCTION 


1 . 1 Purpose of the Present Investigation 

The primary concern of this thesis is a neat demonstration 
of the versatility in the use of five potentially tridentate 
nitrogenous pyridine-pyrazole rich ligands, I - V, to develop an 
interesting transition metal chemistry as well as studies related 
to synthetic analogue approach of bioinorganic chemistry. 



R = R' = H : H^bpp (I) 

R = H, R' = Me : H2Me2bpp (II) 
R = R’ = Me : Me*bpp (III) 


R = H : HL (IV) 

R = Me : MeL (V) 



1.2 Scope of fhe Work 

In what follows we suminariae (Table 1.1) the known chelate 
chemistry utilizing a wide variety of selected tridentate 
nitrogenous ligands. This background information allows one to 
appreciate the uniqueness of the ligands chosen in the present 
work. The design of a new organic molecule capable of acting as a 
potential ligand to metal ions deserves an attention on its own 
merit but the ultimate challenge lies in the fruitful use of 
those organic molecules to develop new interesting chemistry of 
greater importance to chemists in general and inorganic chemists 
in particular. 

The chemistry which we shall be describing in the subsequent 
chapters using the ligands I - V could be classified in two 
categories. We discuss them one after another. 

1.2.1 Consequences of Steric over Electronic Effect or vice versa 
In this section we consider the ligands B 4 bpp (I-III) to 

explore the possibility of fine tuning of the extent of metal- 
ligand orbital overlap to observe the effect of steric factor ; 
over electronic or the vice versa as a function of metal ions, ; 
viz., Mn(II), Fe(II), Co(II). Hi(II), and Bu(II). The results : 
obtained from this investigation are presented in Chapters 2, I 
3, and 4. 

I 

1.2. 1.1 Sterio/Electronlc Sff^t | 

For a given metal ion in a fixed stereochemistry, substitu- I 

ents on the ligand framework can affect the metal -centered redox I 
potentials due to two factors , viz , , electronic and steric . 

i 

Examples of tuning of the redox potentials in a closely related | 
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Table 1.1: A Selected Listing of Tridentate Nitrogen-Containing 
Ligands and their Chemistry 


Ligands 


Comments 


References 


1,4,7 triazacyclo- 
nonane (TACH) 
and 

N,N' ,N' trimethyl - 
1,4,7 triazacyclo- 
nonane (MTACN) 


Ligand syntheses 


Extensive chemistry 
ligands 


1,2 


using these 3 


Tr ibenzo [1,5,9]- 
triazacycloduode- 
cine (TRI) 


Synthesis, absorption and infra- 4 

red spectra, Ueff of nickel (II) 
complexes 


Hydrotris ( 1-pyra- 
zoly 1 ) borate ( - ) 
(HBpz3) 

and its substituted 
derivatives 


Extensive chemistry using 
these ligands 

Syntheses of ligand and bis- 
chelates of cobalt(II) and 
iron (II) ; Electrochemistry 

Syntheses of first transition 
metal complexes: spectroscopy 
and X-ray structure 


5 

6,7 


8,9 


Hydrotris triazolyl Synthesis of cobalt(II) bis- 10 

borate ( - ) complex 

(HBtes) 


Bis(pyrazolylethyl) Extensive copper chemistry 
amine (HPEA) 


Tr is ( 1 -pyrazolyl ) - 
methane (TFH) 


Ligand synthesis and gold(III) 
complexes 

Syntheses and reactivity 
studies on ruthenium aqua 
complexes using this ligand 


11 

12 

13 
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R = H : TACN 
R =Me : MTACN 




X = y = Me 
X = Me, Y = H 
X = H , Y = Cl 
X = H , Y = i-Pr 
X = H , Y = n-Bu 



R s t-Bu 
R = Ph 


HBtZ3 
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Table 1.1 (contd.) 


Llfiands 

Comments 

References 

Bis ( pyrasolyl ) - 

pyridine 

(BPPY) 

and its methyl 
derivf tives 

Mixed- and bis-chelates of 
ruthenium( II ) ; spectroelec- 
trochemical correlation 

14 

6- ( N-pyrazolyl ) - 
2,2' -bipyridine 
(PBPY) 

and its methyl 
derivative 

Syntheses of ligands and 
ruthenium( II) bis complexes; 

and MMR assignments, 

absorption spectra and 
electrochemistry 

15 

6- ( N-pyrazolylme- 
thyl ) -2 , 2 ' -bipyr- 
idine (PMBPY) 
and its methyl 
derivative 

Syntheses of ruthenium (II) 
complex; dangling arm, and 

13c NMR spectra, coordination 
induced effect, absorption 
spectra, electrochemistry 

15 

Tris ( N-methylimi - 
dazol-2-yl )methoxy 
methane (TIMM) 

Synthesis , spectroscopy and 
X-ray structure of dimeric 
copper ( I ) complex 

16 

Tris ( N-methylimi - 
dazoi-2-yl )methanol 
(TIM) 

Synthesis and X-ray structure 
of gold(III) complex; dangling 
arm 

17 

Bis ( N-methylimida- 
zol-2-yl)pyridyl- 
2-ylmethanol 
(BIPM) 

Gold(III) complex: Fluxional 
behavior 

18 

i 

1 

Bis(benzimidazolyl) 
pyridine (BBP) 

Mono and bis chelates of 
iron(II) and iron(III): spin 
cross over, absorption 
spectra, magnetism and 
electrochemistry 

19 


Copper ( 11} mono and bis 
chelates: Infrared, Absorp- 
tion, ESE spectra and X-ray 

20,21 

1 

I 
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R 



R = H : BPEA TPM 

R =Me: MBPEA 



R 


PMBPY 
R = H or Me 



7 




BIPM 




8 


Table 1.1 ( contd . ) 


Ligands 

Comments 

References 

Bis ( benzimidazolyl- 

( >x-oxo ) bis ( jji-carboxy lato ) 

22 

iDethyl}aiDine (BBA) 
and its methyl 
derivative 

diiron(III) core 



Mono chelates of manganese (II) 
and iron (II) 

23 


Tris { imidazol-2-yl ) - 
phosphine (TIP) 
and its N-methyl 
analogue ( TMIP) 

Ligand synthesis 

( 4 - 0 X 0 ) bis ( ji-carboxylato ) 
diiron(III) and dimanga- 
nese(III) cores 

24 

26,27 

Di-(2-pyridyl- 
ethyl) amine 
(DPA) 

Copper complexes : Hemocyanin 
modelling 

11 

Bis ( 2-pyridylmeth- 
yl) amine (BPA) 
and its methyl 
derivative 

Low-spin iron(II) and 
nickel (II) complexes 

27 

Tris ( 2-*pyridyl ) 
methane ( TPHE ) 

Synthesis of ligand and 
stability constants of 
zinc(II), copper(II), 
nickel (II) complexes 

12 

2,2':6',2"-ter- 
pyridine (TPY) 

Coordination chemistry of 

TPY with various metal 
ions 

28 

3-phenyl-2 , 2 ' : 6 ' , 

2 ' ' -terpyridine 
(PhTPY) 

Syntheses, spectroscopy and 
electrochemistry of complexes 
type MIILCI 2 (M =^Mn, Co, Ni, 

Cu and Zn) and CM' = 

Mn, Fe, Co, Ni, Cu and Zn) 

28-31 




9 



R = H ; TIP TPME 

R =Me ; TMIP 



TPY PhTPY 
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group of complexes by remote polar substituents are numerous . ^2-37 
On the other hand, relatively little is known28»39 about ligand 
induced steric factors, especially for metal -centered redox 
reactions. It can be argued, however, that relatively few 
attempts have been made to vary ligand structure systematically 
so that steric effects can be identified. Difficulty in synthe- 
sizing these complexes i ay be the major reason to limit the study. 

1 . 2 . 1 . 2 Spin-State Equilibrium 

A thermally driven spin-state transition between the high- 
spin state (HS) and the low-spin state (LS) has received consi- 
derable attention over the last twenty five years. First-row 
transition-metal complexes with electronic configurations d^-d^ 
have been found to exhibit such transitions because in these 
systems two electronic states of differing spin multiplicity 
become nearly equienergetic and thermal population of the excited 
state is possible. ^2 The experimental realization of an equili- 
brium of this type is determined by the availability of a complex 
for which the low-spin and high-spin ground states are separated 
by only a few hundred reciprocal centimeters. 

Design of New Sp ln-Eaul librium Svstems ^^ . 

One of the effective ways to design a new system exhibiting 
spin-transition is to fine tune the extent of metal -ligand orbital 
overlap by manipulating steric characteristics of the ligands so 
that their ligand field strengths lie near the critical value 
where the high-spin/low -spin transition occurs. 


(a) Itigand Design = It is possible to design new spin- 


eqilibrium systems through carefully planned ligand syntheses . As 
for example, generally iron( II )-imine complexes are low-spin 
whereas most of the iron(II) complexes of aliphatic amine ligands 
are high-spin. Hence, 2-pyridylmethylamine could be argued to be 
a good candidate for a ligand giving an intermediate field 
strength, since it is both an amine and an imine. 

Changing the number of chelate rings in the resulting 
complex offers an alternative possibility for variations in the 
ligand field strength. 

Another strategy of achieving intermediate ligand field 
strength is to introduce steric bulk near the donor site. 
Typically a ligand forming low-spin complex is modified by intro- 
ducing bulky groups. This prevents the donor atoms from coming 
close to the central metal atom which causes spin pairing, and in 
turn a situation with longer M-N bonds is favored, facilitating 
population of antibonding eg orbitals. 

(b) Anipp and So l ve n t Effects: it seems to be a general 
trend that polar solvents of crystallization will stabilize the 
low-spin forms- It has been somewhat more difficult to ratio- 
nalize the Influence of the counter ions on the spin state. There 
is no correlation between the size and charge of an anion and the 
spin state of the salts, so the lattice energy does not seem to 
contribute significantly to the ligand field. 
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1.2.2 Syntheses and Reactivity Studies on Qxo-bridged Dinuclear 
Complexes 

We describe here the use of ligands HL (IV) and MeL (V) as 
potential facially capping agents to develop a rich chemistry of 
oxo-brid. ed dinuclear complexes with additional carboxylato 
bridge(s) of the types, viz., ()jL-oxo)bis(u-carboxylato)diiron(III) , 
(U-oxo)bis(jJi-carboxylato)diruthenium(III) , and bisCu-oxoXu-carb- 
oxylato ) dimanganese (IV, III) . We discuss in this section the rele- 
vance of these structural types to non-heme metallobiomolecules . 
Chapters 6-7 deal with the above dinuclear core formation. 

1.2. 2.1 Oxo-Bridged Diiron Complexes. Relevance to Non-heme Iron 
Prote.^ ns 

In recent years, extensive studies have suggested that 
proteins containing oxo-bridged dinuclear iron centers are 
widespread in biology. The structure of prototypical hemerythrin, 
an oxygen transport protein from marine invertebrates ^4- 48 
reveals the presence of two bridging carboxylate ligands in 
addition to an oxo bridge. Subsequent spectroscopic experiments 
strongly implicated the presence of a similar unit in ribonucleo- 
tide reductase, “53 purple acid phosphatase, 54 methane mono- 
oxygenase , 55 , 66 and very recently discovered rubrerythrin-57,58 

It is to be noted that the three-dimensional X-ray structure of 
ribonucleotide reductase has also been reported recently. 53 

The available structural and spectroscopic data indicate a 
high degree of congruence in the dinuclear iron sites in these 
proteins, yet they exhibit an amazing variety of biological 
functions* O 2 transport, 03 activation and insertion into an 
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unactivated C-H bond, phosphate ester hydrolysis, and electron 
transfer (Table 1.2). In fact, it can be argued that the Fe20 
unit constitutes the most versatile iron center yet encountered 
in biology. The more familiar heme centers are capable of both 
electron transfer and O 2 binding and activation, while iron- 
sulfur clusters are known to participate in electron transfer, 
but not directly in O 2 chemistry. It now appears as if proteins 
containing Fe 20 unit are capable of all these functions . 
Dinuclear oxo-bridged iron centers have also been suggested to be 
important for initiating the formation of the polynuclear iron 
core in the iron storage protein ferritin.^® Among these oxo- 
bridged non-heme iron proteins and enaymes, hemerythrin is the 
one which has been studied most thoroughly. An overview of its 
structure-function relationship is presented below. In Chapter 5 
we shall be dealing with the synthetic analogue approach of its 
active sites. Chemistry of a similar core with ruthenium will be 
discussed in Chapter 6. 

1.2. 2. 1.1 Heinerythrin44-48 

Hemerythrin (Hr) is an oxygen-binding protein containing two 
non-heme iron atoms per subunit . The most detailed infor- 
mation on the structure and function of hemerythrin has come from 
X-ray crystallographic studies . The dinuclear iron center 

is located roughly in the center of the four antiparallel a- 
helices. In the metazido form, both irons are octahedrally 
coordinated and bridged by an oxide ion. The protein provides two 
bridging carboxylate groups from the side chains of an aspartate 
and a glutemate residue and five imidazole ligands from histi- 
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Table 1-2: Polyiron Oxo Proteins: Occurence and Biological 
Function 


Proteins 

Biological Function 

Occurence 

Hemerythrin 

Oxygen transport 

Marine invertebrates 

Ribonucleotide 

Reductase 

Reduction of ribo- 
to deoxy-ribonucleo- 
tides 

Viruses , bacterio- 
phages , prokaryotes 

Purple Acid 
Phosphatases , 
Dteroferrin 

Phosphate ester 
hydrolysis 

Mammals , plants 

!4ethane Mono- 
oxygenase 

Methane oxidation 

Methanotrophic 

bacteria 

Ferritin 

Iron storage 

■Most life forms 





dines. One iron is coordinated by three histidines, the other by 
two and the second iron's coordination is completed by a 
monodentate azide ligand (Figure 1.1). Two helices provide 
ligands to one iron, while the other two a-helices furnish 
ligands to the second iron. 

A mechanism for the conversion of deoxyHr to oxyHr that is 
consistent with the spectroscopic (Mbssbauer, Resonance Raman, 
MCD, EXAFS, and NMR) and magnetic data on the respiratory 
protein has been proposed. Thus, the reversible dioxygen 
binding reaction of Hr may be viewed as oxidative addition and 



(jeoxyhemerythrin oxyhemerythrin 


reductive elimination of O 2 to the diiron center. Since dloxygen 
binding is pH independent, internal proton transfer from the 
bridging hydroxide in deoxyHr to the hydroperoxide in oxyHr is 
postulated,®® 

DeoxyHr can be oxidized chemically in the absence of 
dioxygen to produce metHr. One electron oxidation of deoxyHr or 
one electron reduction of metHr produces the semimet levels. 
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Flgurfi 1.1 Structure of dinucleor Iron center of metozidohemerythrin 
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intermediate between deoxy and met form. There are however two 
types of semimet forms : (semimet)o and (semimet)i{, which are 
found to exhibit distinct spectroscopic properties . 69 , 70 ^ scheme 
showing the interconversion of the various forms of Hr and their 
probable structures is displayed in Figure 

1.2. 2. 2 Bis(|i-oxo)dlinaLnganese(lV, III) Complexes. Relavence to 
the Active Site of Fhotosystem II 

There has been an intense research interest in the chemistry 
of higher oxidation states of manganese because of their great 
importance in biological systems72-76 ^nd in catalytic oxidative 
processes . Manganese can adopt a wide variety of oxidation 
states, this ability is certainly related to the redox function 
of the metal ion in biological systems as well as in catalytic 
oxidative processes. 

By far the most important role of manganese in nature is its 
direct involvement in the photocatalytic, four-electron oxidation 
of water to dioxygen in green plant photosynthesis, an essential 
process for the maintenance of life. In 1937 Pirson first 
discovered the requirement of manganese in photosynthesis by 
showing that plants grown in a Mn-deficient medium lost their 
water oxidation capacity. 60 During the next four decades, several 
researchers showed that two photosystems, photosystem I (PSI) and 
photosystem II (PSII), were involved in photosynthesis and that 
O 2 evolution and manganese ware localised at PSII. 

It is believed to catalyse the following feadMcm: 


2 H 2 O > O 2 + 4 H+ + 4 e~ 


( 1 . 1 ) 



1 



Figure 1.2 Inferconvereion of the various forms of hemerythrin 
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In a classical flash study, Kok and coworkers®! showed that O2- 
evolving complex of PSII Is oxidized sequentially in a four- 
quantum, four one-electron oxidative processes, the steps being 
named So"S4, with Sq representing the totally reduced form. 


e e e e 
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Manganese in the photosynthetic apparatus is believed to 
function in three main ways : ®2 ( i ) by acting as a template to 
hold two molecules of water in close proximity making oxygen- 
oxygen bond formation as facile as possible, (ii) by stabilizing 
oxidizing equivalents as described above, mainly because of the 
availability of different oxidation states in manganese, and 
(iii) by making the bound water more acidic so that loss is 
more facile. 

Two mechanisms for photosynthetic water oxidation have been 
put forward recently. The first, proposed by Brudvig and 
Crabtree, utilizes a '‘Mn40g adamantane'-like complex and a 
'Mn404 cubane'-like assembly (Figure 1 . 3 ), The cubane is oxidized 
in one-electron steps starting from So to S4. During S2 — >S3 
advance, two molecules of water are incorporated into the cubane 
which rearranges to give Mn40g adamantane complex. In the next 
step, 0-0 bond forms from two of the bridging oxides and O2 is 
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Figure 1.3 Schematic representation of mechanism of water oxidation i 
proposed by Brudvig and Crabtree 



subsequently released. The plausible oxidation state of manganese 
was given to be; So, 3Mn{III), Mn(IV); Si, 2Mn(III). 2Mn(IV); S 2 . 
3Mn(IV), Mn(III); Ss, 4Mn(IV); and S 4 , 3Mn(IV). Mn(V). 
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The second scheme, the 'double-pivot' mechanism proposed by 
Vincent and Christou.'^S ^as reported in 1987. Figure 1.4 illus- 
trates this mechanism for water oxidation. According to this 
model, during So — >£l and Si — >&2 transitions, manganesedll ) 
centers of Mn 402 is oxidized through two one-electron processes. 
Further oxidation from S 2 — >S.3 results structural changes. Oxygen 
atoms derived from water move towards each other initiating bond 
formation, there is a concomitant movement of manganese atoms 
apart from each other and transfer of electrons to Mn. The 
authors suggested the following oxidation states at each Sn 
levels: So. Mn(II), 3Mn(III); Si. 4Mn(III); S 2 . 3Mn(III), Mn(IV); 
and S 3 , 2Mn(III), 2Mn(IV). 

In Chapter 7 we will encounter the synthetic analogue 
approach of the active sites of photosystem II. 



Figur# 1.4 Schematic representation of mechanism of water oxidation i 

I 

proposed by Vincent and Chrfstou 



CHAPTER 2 


Consequences of Incremental Steric Crowding at the mHN 0 (M = Hn, 
Fe, Co, Hi, and Ru) Coordination Sphere with Tridentate Pyridyl- 
pyrazole Ligands. Predominance of Steric over Electronic Effects 
or vice versa* 


*A part of this work has been published/accepted for 
publication in 

(i) J. Chem. SoG. Dalton Trans. 1991, 2911. 

(ii) J. ,Chein.. JDal t oh Traaa.. 1992, in press. 

(iii) Folyhedron 1992, ll, in press. 

(iv) Indian .J. Ctoa. 1992. aiA. in press. 
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In this chapter we investigate the effect of incremental 
increase in the number of methyl groups near donor site(s) of a 
given set of ligands R4bpp (I-III) on the metal-ligand orbital 
interactions in selected bis chelate transition-metal complexes. 

If one compares the pK^ values®^ of pyrazole (2,52) and 3,5- 
diroethylpyrazole ( 4 . 12 ), on electronic grounds one is left with 
the notion that H2Me2bpp (II) and Me4bpp (III) would be better 
as ligands. If the observed effect turns out to be just the 
opposite one then one is ought to believe that the effect of the 
methyl substituents are not at all of the usual electron-donating 
type. In contrast, there could be repulsion of the chelate rings 
around a given metal ion caused by the interligand steric 
factors and hence the opposite effect. Obviously, to monitor 
either of the effects one has to invoke suitable metal ions and 
also suitable experimental techniques. We decided to use mainly 
two easily available techniques, namely, absortion spectroscopy 
(ligand field transition) and electrochemistry (cyclic voltamme- 
try). As an absorption spectroscopic probe we have chosen the 

metal ions: iron(II), cobalt(II), and nickel(II). For latter 

experiments we decided to concentrate on those metal ions which 

i 

have well-defined redox states, such as, Mn(II), Fe(II), Co (II), 
and Ru(II). 

Let us consider the basis for the choice of the ligands | 

B4bpp (I-III) for this purpose. Nitrogen-containing heterocycles 

in general and imidazole, pyrazole, and pyridine in particular | 

I 

have been used extensively in the construction of | 

ligands®^ Derivatization of the heterocycles is a i 
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H^bpp : R s R^= H ( I ) 
HjMejbpp R*H}R = Mc (II) 
MC4 bpp : R = r'= Me (III) 
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crucial factor in designing and controlling subtle electronic and 
steric effects on the properties and reactivity of the resulting 
complexes while keeping the rest of the molecule fixed. 
Imidazole and pyrazole are good candidates^* 107-113 this 

regard to be incorporated into chelating ligands. Pyridine is 
incorporated into chelates using either vinyl pyridine or 2 ( 6 )- 
bis(chloromethyl)pyridine, precursors which however unfortunately 
offer limited possibilities for derivatizing the heterocycle. 

Specifically, the reason for choosing the ligands B 4 bpp 
(I-III) also includes the following points. First to examine 
whether or not incremental incorporation of ligand steric crowding 
still gives rise to bis-chelates as is knownll4 for the ligand 
H 4 bpp(I). Secondly, the number of high-spin iron(II) and cobalt(II) 
complexes having MN 5 coordination sphere is limited. 11S~127 
Additionally, Lever has pointed out recentlyl28 -that the high- 
spin Fe^^I/Fe^I redox potential data-base with non-porphyrin 
nitrogenous ligands is rather restricted so giving an impetus to 
the present study. Thirdly, the striking difference between our 
ligands I-III and Jameson's ligands (BEPY) is that in the former 
case there are additional methylene groups intervening the non- 
ligating pyrazole nitrogens and the pyridine ring. Our objective 
is to squeeze the pyrazole nitrogen atoms into the metal 
coordination sphere and pronounce the substituent induced steric 
effect near donor site. 

For brevity, we present below the results of our 
investigation on CM(R 4 bpp) 2 species having coordination 

unit in the order iron, nickel, cobalt, mang«mese, and ruthenium. 



27 


2.1 Experimental Section 

2.1.1 Solvents and Reagents 

Solvents and reagents were obtained from commercial sources 
and used without further purification unless otherwise stated. 
Water was deionized and then distilled from alkaline permanga- 
nate. Acetonitrile was dried by distillation over CaH 2 . For 
electrochemical experiments (see below) further purification was 
achieved by KMn 04 /Li 2 C 03 treatment^^S followed by distillation 
over P40io- Chloroform was made acid free by washing first with 
sodium bicarbonate solution then by five to six times with water 
followed by keeping over anhydrous calcium chloride for 24 h and 
distilled. N,N'-dimethylformamide (DMF) was kept over alumina 
(neutral) for a day and then vacuum distilled. Ethanol and 
methanol were distilled from Mg(0C2H5)2 and Mg(0CH3)2 respec- 
tively. Diethyl ether was dried first with anhydrous CaCl 2 and 
then refluxed with and distilled over sodium. Benzene was first 
stirred with concentrated sulfuric acid until it was free from 
thiophene. To remove acid it was then shaken twice with water, 

once with 10% Na 2 C 03 solution, again with water, and finally 
dried over anhydrous CaCl2 and stored over sodium. Tetra-n-butyl- 

j 

ammonium perchlorate (TBAP) was prepared from tetra-n-butylammo- | 
nium bromide and 70% aqueous perchloric acid. This was recrysta- 

1 

llized from ethanol and dried in vacuo. Dinitrogen was purified 
by bubbling through an alkaline dithionite reducing solution. 

i 

2.1.2 Measiurenents | 

IR spectra were recorded in KBr disks with the help of a | 

i 

Perkin Elmer 1320 or M-680 IR spectrophotometer. Electronic 
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spectra were measured with a Perkin Elmer Lambda 2 spectrophoto- 
meter. The NMR spectra were obtained on either a PMX-60 JEOL 
(60 MHz) instrument or a Brtiker WP-80 (80 MHz) NMR spectrometers 
using CDCI 3 or CD 3 CN solutions. The 400 MHz NMR spectra were 
measured in CD 3 CN on a BrUker WM-400 (400 MHz) NMR spectrometer. 
This was obtained by the Analytical Facilities, Regional Sophist- 
icated Instrumentation Center, Lucknow, India. Solution magnetic 
susceptibility measurements were made by the usual NMR method^^^ 
with a PMX-60 Jeol (60 MHz) or Brtiker WP-80 spectrometer and made 
use of the paramagnetic shift of the methyl protons of aceto- 
nitrile and the TMS reference as the measured NMR parameter using 
the Equation 2.1 

3 At Xo(do - ds) 

Mass susceptibility = ^o (2.1) 

2 nfm m 

where At is the frequency separation between the two TMS or 
solvent peaks in Hz, f is the frequency at which the proton 
resonances are being studied in Hz, m is the mass of substance 
contained in 1 roL of solution, "Xq Is the mass susceptibility of 
the solvent, do is the density of the solvent and ds that of 
solution . Final term involved in Equation 2.1 is negligible for 
the highly paramagnetic substances. 

The temperature of the NMR probe was determined^^B using 
CH 3 OH proton signals using Equation 2.2 

T = 436.6 - 1.193 ( A f ) - 29.3 ( A f x 10 - 2)2 (2.2) 

where Af is the frequency difference between the peak positions 



’ of -CH 3 and -OH protons, in Hz. Solvent susceptibilities^^^ 
and diamagnetic corrections 134 were taken from literature 
tabulations . 
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Variable-temperature magnetic susceptibility measurements 
were made on powdered samples over the temperature range 8 . 0 < I. 

< 300 K by the Faraday method using a locally built susceptometer 
in Professor S. Mitra's laboratory. Chemical Physics Group, Tata 
Institute of Fundamental Research (TIFE), Bombay, India. The 
measurements were started at - 8.0 K and the sample was heated 
and held at the desired temperature during the measurement. This 
process was continued until the sample was attained at room 
temperature. Effective magnetic moments were calculated from 
jjLeff = 2.828 C Xy T]^, where3% is the corrected molar suscepti- 
bility. Diamagnetic corrections were made for the sample holder 
and for the diamagnetic contribution of the complex being 
measured. All measurements were made at a fixed field strength 
and field dependence of the magnetic susceptibility was not 
studied. 

X-Band EPR spectra were recorded with a Varian E-109 C 
spectrometer fitted with a quartz Dewar for measurements at 
liquid dlnitrogen temperature. The spectra were calibrated with 
the help of DPPH (g = 2.0037). Solution electrical conductivity 
measurements were made with an Elico (Hyderabad, India) Type CM- 1 

j 

82 T conductivity bridge. 

i 

Cyclic voltammetric measurements were performed by using the 

i 

! 

PAR Model 370-4 electrochemistry system incorporating the follow- 

I 

ing: Model 174A polarographic emalyzer; Model 175 tuiiversal 
prograimaer; Model RE-0074 X-Sl recorder. Differential pulse 
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voltammetric experiments were carried out using the Model 174A 
polarographic analyzer. Potentials are reported at -25*C 
referenced to an aqueous saturated calomel electrode ( SCE ) and 
are uncorrected for junction potentials. The solutions were 
~ 10"^ M in complex and 0.2 M in supporting electrolyte, TBAP. In 
acetonitrile and DMF solutions at a scan rate of 50 mV s~^ the 
above condition was found to give best performance with platinum 
and glassy carbon electrodes for the [Fe(’?-C 5 H 5 ) 2 ]'^ /CFe(*?-C 5 H 5)23 
couple. At a platinum electrode the Kf [ELf = 0.5{E.pa 2^pc3 3 and 

the peak-to-peak separation (AEp) values are: MeCN, 0.40 V (80 
mV); DMF. 0.49 V (80 mV). 135 

A PAR G0021 glassy carbon electrode or a planar platinum- 
inlay electrode (Beckman Model 39273) was used as the working 
electrode. A sealed all-glass cell was used; measurements were 
made under an atmosphere of dry dinitrogen. The auxiliary 
electrode, which consisted of a platinum flag sealed in soft 
glass, and the reference electrode were separated from the 
working solution by means of fritted bridge filled with the same 
solvent and supporting electrolyte. Uncompensated solution 
resistance in the cell configuration was minimized by placing the 
tip of the reference electrode as close to the working electrode 
as possible. 

2.2 Syntheses of Ligands 

The tridentate ligands, R 4 bpp were prepared by phase- 
transfer catalyzed reactions of 2,6-bis(chloromethyl)pyridine 
with pyrazole and its derivatives. 2, 6-Bis( hydroxymethyl )pyri- 

dinel36^ 2,6-bis(chloromethyl)pyridinehydrochloride,137 and 2,6- 
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bis(pyrazol-l-ylniethyl)pyridine (H 4 'bpp)^^^ were prepared by using 
similar procedures as outlined in the literature. The various 
steps of the syntheses of B 4 bpp ligands are summerized in 
Scheme I . 

2.2.1 2,6-Bis(chlorofornyl) pyridine^^^ 

A solution of 31 g (0.186 mol) of 2,6-pyridinedicarboxylic 
acid in 200 mL of thionyl chloride was heated to reflux for 10 h. 
Thionyl chloride was distilled off and the mixture was cooled to 
give solid (m.p. 56*C) product (yield 36 g, 95%). 

2.2.2 Dimethyl 2,6-pyridine dicarboxylatel36 
2,6-Bis(chloroformyl)pyridine (36 g, 0.18 mol) was cooled in 

an ice bath and to it absolute methanol (250 mL) was added 
dropwise. The resulting mixture was heated to reflux for 30 min, 
and ~150 mL methanol was distilled off. The solution was cooled 
in an ice bath, and the white crystals formed were filtered, 
washed with cold (O’C) methanol and dried in vacuo to yield 34 g 
(94%) of the diester (mp 117“C). 

2.2.3 2, 6-Bis( hydroxymethyl) pyridinel36 

A suspension of 30 g (0.154 mol) of the diester in 420 mL of 
absolute ethanol was stirred and cooled in an ice bath as 27 g 
(0.71 mol) of sodium borohydride was added in portions over a 
period of 15 min. The mixture was stirred at 0‘C for 1 h. The ice 
bath was removed and the mixture was stirred at 25“ C for 3 h, 
after which it was heated to reflux on steam bath for 10 h. The 
solvent was distilled in vacuo, the residue was mixed with 120 mL 
acetone and heated on a steam bath (60*0) for 1 h. The solvent 
was distilled in vacuo and the residue was mixed with 36 mL (15%) 
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Scheme I 



Me 


H4bpp: RsH 

Me^bpp : RsMe 


H2Me2bpp 
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aqueous potassium carbonate and heated on a steam bath for 1 h. 
The solvent was distilled off in vacuo and the product was 
extracted several times with chloroform to give 18 g (yield, 83%) 
of diol (mp 116*0 . 

2.2.4 2,6-Bi3(chloroniethyl) pyridine hydrochloride^^T 

2, 6-Bis(hydroxymethyl)pyridine (10.50 g, 0.075 mol) was 
cooled to 0"C on an ice bath and was kept for 30 min. Thionyl 
chloride (160 mL) was added slowly using a dropping funnel. The 
reaction mixture was warmed (60*C) with stirring for 4 h, after 
which it was kept overnight at room temperature. Dry and cold 
benzene (480 mL) was added drpwise to the reaction mixture kept 
in an ice bath, until the completion of precipitation. White 
product was filtered, washed with cold dry benzene and dried in 
vacuo (yield 12.00 g, -75%). 

2.2.5 2-Chloroiiiethyl~6-(pyrazol~l-ylinethyl )pyridine 

This was prepared with a modified method as described in the 
literature. A mixture of 2, 6-bis(chloromethyl) pyridine (5.00 g, 
0.024 mol), pyrazole (1.60 g, 0.024 mol), benzene (700 mL), 40% 
aqueous sodium hydroxide (120 mL) and 40% aqueous tetra-n-butyl- 
ammonium hydroxide ( 3 mL) was refluxed with stirring for 6 h and 
then stirred at room temperature overnight. The organic layer was 
separated, dried over anhydrous sodium sulphate and evaporated 
under reduced pressure to yield an oil shown by NMR to be a 
1:1 mixture of two isomers. The crude product (oil) was purified 
by column chromatography on silica gel by using 40% Et 20 / 60% 

n-hexane mixture as eluent to give the desired product (yield, 

*'■ 

28%). iH NMR: 7.6 (m, 3H; H4, H3', H6'), 7.4 (d, IH; H3), 

I 


6.8 



(d, IH; H5), 6.3 (t, IH, H4'). 6.5 (s, 2H; NCH 2 ), 4.7 ppm (s, 2H; 
CH 2 CI ) . The NMR spectrum of this unsymmetrical precurser is 
displayed in Figure 2.1. 
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2.2.6 2, 6 -Bis (pyrazol- l-ylme thy 1) pyridine (H 4 bpp)H^ 

A mixture of 2 , 6-bis(chloromethyl) pyridine (2.50 g, 0.012 
mol), pyrazole (1.60 g, 0.024 mol), benzene (300 mL) , 40% aqueous 
sodium hydroxide (60 mL) and 40% aqueous tetrabutylammonium 
hydroxide (30 drops) was refluxed with stirring for 8 h and then 
stirred at room temperature overnight. The organic layer was 
separated, dried over anhydrous sodium sulphate and evaporated 
under reduced pressure to yield 2, 6-Bis( pyrazol -1-ylmethyl) 

pyridine as an oil (yield 2.54 g, 90%). 

2.2.7 2- (pyrazol- l-ylmethyl ) -6- ( 3 , 5-diinethyl-pyrazol-l-ylinethyl ) 
pyridine (H 2 Me 2 bpp) 

A mixture of 2-chloromethyl-6-(pyrazol-l-ylmethyl)pyridine 
(0,5 g, 2.41 mmol), pyrazole (0.23 g, 2.40 mmol), benzene (70 
mL), 40% aqueous sodium hydroxide (12 mL) and 40% aqueous 
tetra-n-butylammonium hydroxide (6 drops) was refluxed with 
stirring for 8 h and then stirred at room temperature overnight. 
The organic layer was separated, dried over anhydrous sodium 
sulphate and evaporated under reduced pressure to yield 2-(pyra- 
zol-l-ylmethyl ) -6- ( 3 , 5-dimethyl-pyrazol-l-ylmethyl )pyridine as an 
oil (yield 0.60 g, 93%). 

2.2.8 2,6-Bis(3,5-dlnie'bhylpyrazol-l-yli&ethyl)p7ridine (Me 4 bpp} 

This was prepared following similar procedure described for 

2, 6 -bis (pyrazol -1-ylmethyl) pyridine (H 4 bPP) using 3,5-dimethyl 
pyrazole instead of unsubstituted pyrazole (yield, 90%) (mp 
115-C). 




Figure 2.1 'h NMR spectrum of 2-chlorom0thyl-6-(pyrazol-1-ylmethyl)pyri 
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The 1 h NMR spectral data for H^bpp, H 2 He 2 bpp, and He 4 bpp in 
CDCI 3 are set out in Table 2.1. The spectra of the unsymmetrical 
ligand, H 2 Me 2 bpp and the tetramethyl derivative, Ife 4 bpp are shown 
in Figures 2.2 and 2.3 respectively. 

2.3 Syntheses of complexes 

2.3.1 CMn(H4bpp)2](C104)2-2H20 

To a 5 idL solution of the ligand H 4 bpp (0.13 g, 0.55 mmol) 
in MeCN was added dropwise a solution of Mn ( 0104 ) 2 . 6 H 2 O (0.10 
g, 0.28 mmol) in MeCN (5 mL) and stirred for 15 min. To the 
resulting solution 10 mL of diethyl ether was added and kept at 
~0‘C for 24 h. The cream colored crystalline compound that 
separated was filtered, washed with diethyl ether and finally 
dried in vacuo (yie-d 0.15 g, 70%). 

2.3.2 CMn(H2Me2bpp)23 ( 0104 ) 2 - 2 H 2 O 

To an ethanolic solution (5 mL) of the ligand H 2 Me 2 bpp 
(0.15 g, 0.55 mmol) was added an aqueous solution (5 mL) of 
Mn ( 0104 ) 2 . 6 H 2 O (0.100 g, 0.28 mmol). Immediate precipitation of 

light orange material had occurred. The crude product was 
recrystallized from ethanol -water (1:1) (yield 0.17 g, 76%). 

2.3.3 CMn(Me 4 bpp) 2 ] (€ 104 ) 2 . 2 H 2 O 

This was synthesized using a similar method as described 
above for the ligand H 2 Me 2 bpp. 

2.3.4 Clln(H 4 bpp)Cl 2 ] 

An ethanolic solution (20 mL) of the ligand H 4 bpp (0.20 g, 
0.84 mmol) was added dropwise to an ethanolic solution (20 mL) of 
MnCl 2 - 4 H 20 (0.17 g, 0.84 mmol). The mixture was stirred at 60*C 
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Taible 2.1: NMR Data® of R4bEi> Ligands 


Ligands 

h3,h5 

h4 

h3' 

(or Me) 

(or Me) 

h4^ 

C3H2 

H4bj3p 

6.8 

7.5 

7.5 

7.5 

6.2 

4.6 


(d,J=8.0 Hz) 

(m) 

(m) 

(m) 

(t,il=2.0 Hz) 

(s) 

H2Me2t)pp 

6.7 

7.5 

7.5 

7.6 

6.3 

5.2 


(t,i2=8.0 Hz) 

(m) 

(m) 

(m) 

(t,J=2.0 Ha) 

(s) 




2. lb 

2.2C 

6.8^ 

5.4 




(s) 

(s) 

(s) 

(s) 

Me4bEjp 

6.6 

7.4 

2.2 

2.3 

5.9 

5.3 


(d,J=8.0 Hz) 

(q. jI= 

(s) 

(s) 

(s) 

(s) 



7.5 Hz) 




® Symbols: 

s = singlet; 

d = doublet; t = 

triplet; m = 

ijultiplet. 



bMeS"" 


c MeS''' 
dji4" 
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for 45 min and the resulting solution was kept at O'C for 3 h to 
give white microcrystalline product. The compound was filtered 
and washed with ethanol followed by chloroform and finally air 
dried (yield 0.25 g, 80%). 

2.3.5 CMn(Me 4 bpp)Cl 2 ] 

This was prepared similarly following the method as 
described above. 

2.3.6 CFe(R4bpp)2](C104)2 

The iron(II) bis-chelates of the ligands H 4 bpp, H 2 Me 2 bpp, 
and Me 4 bpp were prepared according to the reported procedure^ 
using H 4 bpp. 

The microanalytical data for the manganese and iron 
complexes are given in Table 2.2. 

2.3.7 CCo(H4bpp)2](C104)2.H20 

To a 5 mL ethanolic solution of the ligand H 4 bpp (0.10 g, 
0.42 mmol) was added a 5 mL aqueous solution of C 0 CI 2 -61120 (0.05 

g, 0.21 mmol). The mixture was stirred at room temperature for 30 
min, after which time a saturated aqueous solution (1 mL) of 
sodium perchlorate was added. The pale yellow microcrystalline 
solid was collected, washed with ethanol-water ( 1 : 1 ), and dried 
under vacuum (yield 0.11 g, 68 %). 

2.3.8 CCo(H2Me2bpp)23 ( 0104 ) 2 - H20- 

To a stirred solution of H 2 Me 2 bpp (0.15 g, 0.56 mmol) in 10 
mL ethanol was added a 5 mL aqueous solution of 00 ( 0104 ) 2 -61120 
(0.10 g, 0.27 mmol). The mixture was stirred for 1 h and kept at 
. room temperature for slow evaporation. Orange crystals were 

f ’ 



Table 2.2: Micxroamalytical Data of Manganese(II) and Iron(II) Conplexes 


Ccxigpcunds 

Etapirical Fornula 

% C 

Analysis* 

% H 

% N 

CFe(H4bPi>)2] 

^26^28^12^1 oOgFe 

41.60 

3.68 

18.67 

(C 104 ) 2 .H 20 


(41.56) 

(3.73) 

(18.65) 

[Fe(H2Me2tl)P)2] 

C3oH3oCl2NioOioFe 

43.60 

4.57 

16.95 

(C 104 ) 2 . 2 H 20 


(43.64) 

(4.61) 

(16.97) 

£Fe(Me4bpp)2] 

C34H46Cl2NioOioFe 

46.80 

4.97 

15.67 

(C 104 ) 2 . 2 H 20 


(46.32) 

(5.22) 

(15.89) 

[Mn(H4b3?p)2] 

026^30^12^10010®*“ 

40.50 

3.80 

18.50 

( 0104 ) 2 - 2 H 2 O 


(40.63) 

(3.91) 

(18.23) 

CMn(H2Me2t!RP)2] 

030^38012^10010®*“ 

43.80 

4.80 

16.90 

(G 104 ) 2 . 2 H 20 


(43.68) 

(4.61) 

(16.99) 

[14n(Me4bEp)23 

034H460l2NloOlO®*i 

46.20 

5.40 

16.00 

(C 104 ) 2 . 2 H 20 


(46.36) 

(5.23) 

(15.91) 

CMn(H4bRP)Cl23 

Ol3Hl3Cl2®*5l*“ 

42.90 

3.60 

19.10 



(42.74) 

(3.66) 

(19.18) 

tMn(lte4bRP)Cl2] 

Cl7H2lCl2N6®*“ 

48.20 

5.04 

16.60 



(48.46) 

(4.99) 

(16.63) 


^ CSalculated valiies ±n parentheses. 
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collected after 48 h, washed with ethanol -water (1:1), and dried 
under vacuum (yield 0.14 g, 62%). 

2.3.9 CCo(Me4bpp)2](C104)2.H20 

This complex was synthesized following a similar method as 
described above for the ligand H 2 Me 2 bpp (yield 75%) . 

2.3.10 [Hi(B4bpp)23CC104)2 

The nickel (II) bis-chelates of the ligands H 4 bpp, H 2 Me 2 bpp, 
and He 4 bpp were prepared according to the reported procedure!!^ 
using H 4 bpp. 

The microanalytical data for the cobalt and nickel complexes 
are given in Table 2.3. 

2.3.11 (H4bpp)RuCl3.3H20 

An ethanolic solution (10 mL) of H 4 bpp (0.18 g, 0.76 mmol) 
was added dropwise to a vigorously stirred ethanolic solution (15 
mL) of RUCI 3 . 3 H 2 O (0.20 g, 0.76 mmol). The mixture was stirred 
for 1 h at room temperature and the greenish-brown powder that 
separated was filtered off and washed with ethanol followed by 
acetone and finally dried in vacuo (yield 0.27 g, 72%). 

Electronic spectrum (in DMSO), 7v,nm (e, M~lcm”l): 369 (4450), 460 
(sh) (3260), 600 (sh) (657). Molar conductance , Ajj = 36 Q'^cm^ 

mol-1. jJLeff (in DMF) = 1.98 B.M. 

2.3.12 CRu(H4bPP)23(C104)2.H20 

Two different synthetic procedures were followed to prepare 
^is compound. 

Method A: An aqueous solution (10 mL) of RUCI 3 . 3 H 2 O (0.100 
0.38 mmol) and H 4 bpp (0.220 g, 0.82 mmol) was refluxed under 


TahLe 2.3: Microanalytical Data of Cobalt(II) and Nickel(II) Oonplexes 


Ccxmpounds 

Enqplricsd Fornula 

% C 

Analysis® 

% H 

% N 

CCo(H4l3!PP)23 

C 26 H 28 N 10 O 9 CI 2 C 0 

40.36 

3.71 

18.20 

(C 104 ) 2 .H 20 


(41.60) 

(3.73) 

(18.67) 

CCo(H2Me2lS5>)2] 

C 30 H 36 N 10 O 9 CI 2 C 0 

44.32 

4.58 

16.40 

(C 104 ) 2 .H 20 


(44.67) 

(4.47) 

(17.37) 

[Co(Me4hRp)2] 

C34H44Nio09Cl2Co 

47.05 

5.31 

16.16 

(C 104 ) 2 .H 20 


(47.33) 

(5.10) 

(16.24) 

CNi(H4hRP)2] 

C26H26Nl0Q8Cl2Ni 

42.70 

3.49 

19.01 

(C104)2 


(42.45) 

(3.54) 

(19.03) 

CNi(H 2 lte 2 bKP) 2 J 

C3OH34Nl0Q8Cl2Ni 

45.72 

4.25 

17.73 

(C104)2 


(45.46) 

(4.30) 

(17.68) 

[Ni(Me4bRp)2] 

C 34 ^Nio 08 Cl 2 Ni 

48.35 

5.02 

16.59 

(C104)2 


(48.12) 

(4.96) 

(16.52) 


^Calculated values in parentheses 





dinitrogen atmosphere for 1 h..~ The ruthenium was then reduced b] 
the addition of sodium hypophdsphite solution [1.8 mL ; preparec 
by neutralizing 3035 H 3 PO 2 (t.2 mL) with 2.0 M NaOH (3.4 mL)]. 

Concentrated HCl (8 drops) was then added to the green solutior 
and was further refluxed for 2 h and finally filtered. The 
complex was precipitated as brownish-green microcrystalline solid 
by dropwise addition of a saturated aqueous solution of sodium 
perchlorate. The compound was recrystallized from ethanol-water 
( 1 : 1 ); (yield 0.08 g, 51%). 

Method B: A suspension of (H 4 bpp)RuCl 3 . 3 H 2 O (0.10 g, 0.20 
mmol) and H 4 bpp (0.05 g, 0.20 mmol) in water (10 mL) was 
refluxed for 30 min under dinitrogen atmosphere. After the 
addition of sodium hypophosphite solution ( 1.2 mL ; prepared as 
described above) it was further refluxed for 2 h and filtered. 
The desired complex was precipitated and recrystallized as 
described above (yield 0.78 g, 48%). Both the methods gave 
similar microanalysis. 

2.3.13 CRu(H4bpp) (Me4bpp) 1 (0104)2 .H2O 

This complex was prepared by a procedure similar to that i 
described above (Method B) for [Ru(H 4 bpp) 2 ](C 104 ) 2 .H 20 , using 
Me 4 bpp as ligand in place of H 4 bpp (yield 48%) . 

The microanalytical d«ta for the ruthenium complexes are I 


given in Table 2.4. 



Table 2.4: Microanalytical Data of Buthenlum(II) Complexes 


Compounds 

Empirical Formula 

% C 

Analysis® 

% H 

% N 

[Ru(H4bpp)2] 

^26^28^12^1009®“ 

39.20 

3.60 

17.60 

(C 104 ) 2 .H 20 


(39.20) 

(3.60) 

(17.60) 

[Ru(H2lfe2b!PP)23 

C 30 H 28 CI 2 N 10 O 9 RU 

43.60 

4.57 

16.95 

(C 104 ) 2 .H 20 


(43.64) 

(4.61) 

(16.97) 

[Ru(Me4l:!PP)23 

C3.4^Cl2Nio09R“ 

46.80 

4.97 

15.67 

(C 104 ) 2 .H 20 


(46.32) 

(5.22) 

(15.89) 

[Ru(H4bpp)(H2Me2- 

<^6^28^12^1009®“ 

41.60 

3.68 

18.67 

IJPP)3(C104)2.H20 

[Eu(H4bpp)(Me4“ 

C26H28Cl2Nl0O9R“ 

41.60 

3.68 

18.67 

154>)3(C104)2.H20 

[Bu(H2Me2liRP)(Me4- 

<326®28012®1009®“ 

41.60 

3.68 

18.67 

Im>)3(C104)2.H20 


® Calculated valuies in parentheses. 




2.4 Besul'ts and Discussion 

2.4.1 Bis chelates of Iron(Il) with FeN 5 Coordination 

2. 4. 1.1 Synthesis and Characterization of CFe(R4bpp)23‘ 
Complexes 

The bis-ligand complexes were readily obtained whe 
methanolic solutions of the ligands and aqueous solutions c 
iron(II) perchlorate were mixed. An interesting observation i 
that the color of the complexes varies from light green, 
[Fe(H 4 bpp) 2 ]^'*’ to yellowish brown, [Fe(H2Me2bpp)23^'*' to yellow 
CFe(Me4bpp)2]2+. 

The iron(II) complexes display the'v^(OH) bands at 3400 cm“l 
and ■>) (C 104 “) absorptions at 1100 and 620 cm~^ in their II 
spectra. These complexes are highly soluble in polar organic 

I 

solvents. In MeCN solutions they show the expected^^® 1:2 elec- 
trolytic behavior (Table 2.5), Measurements of susceptibilities 
in MeCN solutions (Evans' roethod^^l) Qf -the iron complexes,^ 
[Fe(E 4 bpp) 2 l^'^ gave the effective magnetic moments, Ueff "6 -40 
whereas solid state magnetic moment ranges from 4 . 9-5 ,2 UB 
(Table 2.5). These magnetic data clearly establish^^S the high-; 

i 

spin electronic configuration ( S = 2 ) . 

2. 4.2.2 Solution Structure of the High-spin Fe^^Ng Coordination ! 
Sphere by NMB Spectra 

To elucidate the coordination geometry of these high-spin ; 
pseudooctahedral iron (II) complexes we have undertaken a NMR 
study on CFe(H4bpp)23(C104)2*H20 and [Fe(Me 4 bpp) 23(0104) 2 - 2 H 2 O 
focusing on paramagnetically shiftedl40,141 resonances. The | 
observed narrower ligand proton chemical shifts (Figures 2.4 and i 

i 



Table 2.6: Molar Conductarice, Magnetic Mcanent and Electronic Spectral data 
of the Iron(II) Cc»E(plexes in MeCN at 298 K 


Conpounds 

(Q“l^^mol“^) 

Peff(B.M.)b 

X, nm (€, M“lcm~l) 

CFe(H4l:pp)23 

(C 104 ) 2 .H 20 

284 

5.40 

(4.90)C 

931 (4), 781 (5), 543 (17), 
415 (840), 368(sh) (600), 
304(sh) (1200), 262 (10750) 

CFe(H2M2bRP)2] 

(C 104 ) 2 . 2 H 20 

281 

5.43 

955 (6), 813(7), 360 (460), 
262(11 150) 

CFe(Me4bpp)2] 

(C 104 ) 2 . 2 H 20 

294 

5.44 

( 5 . 11)0 

962 (7). 852(8), 365 (340), 
265(sh) (10 700), 245(sh) 

(14 100) 


® Expected 1:2 electrolyte range 220-300 cro^ inol~l. 

^ Measured in MeCW solution (298 K) using Evans' method. 
^ Rocxn toEperature solid state values in parentheses 
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2.5) point towards shorter electron spin-lattice relaxation time. 
Tig. The Tie's tend to broaden the ligand NMR resonances 
according to^^O'l^l oc Tigr"® where Ti is the spin-lattice 

relaxation time and r is the length of the Fe-H distance vector. 
Thus a proton farthest removed (most distant) from the paramag- 
netic center is expected to exhibit comparatively sharper signal 
and to give rise to smallest observed chemical shift from a 
diamagnetic reference. We mean the free ligand proton resonances 
as the diamagnetic reference. In this work we have assigned 
resonances (Table 2.6) by a combination of the expected behavior 
for paramagnetically shifted resonances as outlined above and 
integrated area ratios. 

The resonances at ~10 ppm are consistent with their 
assignments as the para protons (H^) of the pyridine rings. A 
comparative analysis of the spectra of [Fe(H4bpp)23^^ and 
[Fe(Me 4 bpp) 23 ^‘^ clearly establishes the resonances at -20 ppm are 
due to 5' protons (methyl groups) of pyrazole rings. Comparatively 
broad resonances at - 27 ppm for EFe(H4bpp)23^''' and at - 40 ppm 
for [Fe(Me4bpp)23^'*’ in the relative intensity ratio of 1:3 are 
assignable as 3' protons (methyl groups) of pyrazole rings. The 
two upf ield resonances of relative intensity 1:1 is assigned as 
the methylene protons. The most upf ield resonances are the 
broadest in the spectra of both the compounds and is supposed to 
have the shortest Tj's as expected in the CH 2 protons, which are 
the closest to the iron center. Now we are left with only two 
reCsonances at - 39 and - 44 ppm in the case of CFe(H4bpp)23^‘^ 
and at -48 and 50 ppm in the spectrum of [Fe(Me4bpp)23^'*^> i't ia 
expected that the pyridine ring protons and and pyrazole 



Table 2.6: Proton NMR Chonical Shifts Relative to IMS for 
Hifiii-spin Pseudooctahedral Ircn(II) Coiflplexes 


[Fe(H4bfRp)2] 

(C 104 ) 2 .H 20 

Coipounds 

[Fe(Me4biip)2] 

(C 104 ) 2 . 2 H 20 

int® 

assigniDents 

44.0 

60.0 

4 

h3, h5 

39.0 

47.5 

4 

h4' 

27.0 

39.5 

4,12 

h3', C3l3 

22.0 

21.5 

4,12 

CH3 

10.0 

9.0 

2 

h4 

-18.0 

-25.0 

4 

ai2 

-48.0 

-68.0 

4 

CH2 


® Relative intensity 


I I r., 

A. 1179^^ 
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ring proton would experience similar effects since they are 
almost the same distance from the iron center. We tentatively 
assign the most downfield resonances due to pyridine and 
protons and the other left one is due to pyrazole proton. 

The singlet nature of all the pyridine and pyrazole ring 
proton resonances is consistent with two equivalent chelate 
rings, reflecting grossly octahedral symmetry of these high-spin 
iron(II) complexes in CD 3 CN solution. However, the occurrence of 
two methylene proton resonances is indicative of a nonplanar 
chelate ring conformations as observed in the solid-state struc- 
tures of [Fe(H 2 Me 2 bpp) 2 ] ( 0104)2 (Chapter 3) and [Ni(H 4 bpp) 2 ] 

( 0104 ) 2.114 

An octahedral high-spin Fe(II) generally give rise tol40 
both contact and dipolar contributions to isotropic shifts ( i . e . , 
the observed chemical shift minus a reference diamagnetic shift) . 

I 

The resonance for 3' protons (methyl groups) would also be the 
broadest signal if the dipolar interactions were primarily 
responsible for the line broadening. At this level of available 
experimental results we cannot elucidate the relative contribu- 
tions of a- and x-spin delocalization mechanism in these 
complexes . 

2. 4. 1.3 Absorption Spectra 

i 

The spectra of the iron(II) complexes in MeCN solutions 
have two weak broad bands in the near-IR region (780-970 nm) 

i 

assignable as d-d transitions (Figure 2.6, Table 2.5). These [ 

f, 

f; 

bands are considered to arise from the ®T 2 > transition of 

high-spin octahedral iron(II). These split bands are due tol42,143 | 



0 350 

A (nm) 
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a combination of a dynamic Jahn-Teller effect in the electronic 
excited states .^nd the lowering of metal site symmetry. In fact, 
the Fe^^Ng coordination sphere has a distorted octahedral 
geometry (Section 2. 4. 1.2). The spectral behavior observed in 
this work is well documented^^* the case of most high- 
spin six-coordinate complexes of iron(II). The energy of these 
bands increases in the order tFe(H 4 bpp) 2 ]^'‘’ > CFe(H 2 Me 2 bpp) 23 ^'*' > 
[Fe(Me4bpp)23^‘*' (Figure 2.6, Table 2.5). This clearly demonstrates 
a monotonous decrease in the strength of the ligand fields as the 
number of methyl groups near the donor atom increases. The 
complex [Fe(H 4 bpp) 2 ]^'‘‘ exhibits an additional ligand field band 
at - 540 nm. The origin of which is not clearly known to us. 

The iron(II) complexes exhibit metal-to-ligand charge trans- 
fer (MLCT) transitions in addition to the ligand field transi- 
tions (Figure 2.6, Table 2.5). Moderately intense bands are seen 
in the range 360-370 nm. We find that increasing thi inclination 
of the pyrazole meanplanes to the pyridine meanplane on passing 

the ligands from H 4 bpp > H 2 He 2 bpp > He 4 bpp has only a small 

effect on the energy of the MLCT absorption. A closer exeuaination 
of the values of molar extinction coefficients reveals that the 
values decrease with an increase in the number of methyl groups 
in the ligands. We think that a different "bite" of a 665 
tridentate heterocyclic ligand and associated changes in metal- 
ligand orbital overlaps is likely the reason behind this effect. 
Apparently the overlap between Fe(II) (donor) and pyrazole/ 
pyridine (acceptor) orbitals is relatively small (Chapter 3) to 
allow appreciable intensity for the MLCT transition in the 
absence of mixing with available low-energy x — ->x* transitions. 
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Interestingly, the complex CFe(H 4 bpp) 2 ]^'^ exhibits an additional 
MLCT transition at 416 nm (the origin of this transition has been 
considered in Chapter 4). Intraligand transitions are also 
observed at still higher energies. 

2 . 4 . 1 . 4 Electrochemistry 

To investigate the effect of incorporating substituents into 
the two pyrazole rings on the Fe^^^/Fe^^ redox potentials of 
these high-spin iron(II) bis-ligand complexes, cyclic voltammetry 
was utilized. In acetonitrile solutions all the complexes 
undergo reversible electron-transfer reactions (Equation 2.3) at 
high potentials (Figure 2.7, Table 2.7). 

CFem(R4bpp)2]2'*' + le“ v==- CFe^^(R4^PP)23^‘*‘ (2.3) 

The electron stoichiometry was identified by comparing the 
current heights of [Fe(’’7 “C6H5)2]^/[Fe( ^” 05115 ) 2 ] redox process. 
The peak-to-peak separations (AjEp) are characteristic of rever- 
sible le“ transfer in equation 2.3 (Table 2.7). 

The trend in the formal potentials of [Fe(H2Me2bpp)23^'^ and 
[Fe(Me 4 bpp) 2 ] 2 ‘'‘ is completely unexpected as one would predict 
values less positive for the methyl substituted complex than the 
unsubstituted complex based on the electron releasing properties 
of methyl substituents (Figure 2.7, Table 2.7). 

The observed opposite effect can be rationalized by 
considering the predominance of sterlc crowding at the 3- 
po8ition(s} over the electronic contribution prevailing at the 
6-position(s) in the ligands H 2 Me 2 bpp and Ife 4 bpi>. If two methyl 
groups replace the hydrogens in the 3-positions of two pyrazole 



Table 2.7: Electrochemical Data®»^ of Fe^^^/FeU Couple in MeCN 


Compound 

£pa(V) 

Epc(V) 

Ef(V) 

AEp 

Ep(DPV)(V) 

[Fe(H4bpp)23 
(C 104 ) 2 .H 20 ■ 

1.10 

1.02 

1.06 

80 

1.06 

CFe(H2M2bpp)2] 

(C 104 ) 2 . 2 H 20 

1.20 

1.12 

1.16 

80 

1.16 

CFe(Me4bpp)23 

(C 104 ) 2 . 2 H 20 

1.26 

1.18 

1.22 

80 

1.21 


®Ep(DPV) = Ef - AE/2. Meaning of the other symbols given in text. 
^Scan rate: 60 mV s“l (for cyclic voltammetry) and 5 mV s“l (for 
DPV); platinum working electrode; reference electrode SCE; 
supporting electrolyte, TBAP; drop time 0.5 s; modulation 
amplitude, AE = 25 mV. 



MO 




E(V) vs SCE 


6 


Figure 2.7 Cyclic volfammograms of (a) [Fe{H4bpp)2] 

(b) [Fe(H2Me2bpp)2]^‘*^ and (c) [Fe(Me4bpp)2] In 
MeCN of a platinum electrode; scan rate 50 mV s“^ 
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rings, some crowding between the two methyl groups occurs with a 
resulting tilt of the two pyrazole rings in the nonplanar ligand 
superstructure (Section 2. 4. 1.2). This causes a less favorable 
orientation of the coordinating nitrogen atoms and thus may make 
H 2 Me 2 bpp and Ife 4 bpp poorer donors overall than H 4 bpp (Section 
2.4. 1.3) even though the 3-Me groups are electron donating. As 
the methyl substituents at the 5-positions are farther away from 
the donor site they are expected to contribute only the 
electronic effect. 

Electrochemical studies have been made^S ©n sterically 
hindered CUN 4 complexes of tripodal ligands. The ligands used 
were tris[2-(l-pyrazolyl)ethyl]amine and its 3, 5-dimethylpyra- 
zolyl and 3 , S-di-ifixt-butylpyrazolyl derivatives. The unusual 
electrochemical result like ours was rationalized as a result of 
pronounced environmental effects . The geometrical preference is 
not a priori in the iron(III) and iron(II) oxidation states but 
it is^^"^ in copper(II) and copper(I) oxidation states. Thus 
unusual electrochemical behavior in our complexes demands special 
attention . 

The paucity of Fem/Fe^ redox potentials in high-spin 
iron(II) complexes having Fe^^Ng coordination sphere limit us to 
compare our JE.f values with other systems. The iron(II) oxida- 
tion state in £Fe(H 4 bpp) 2 ]^‘*’ is stabilized by more than 100 mVH^ 
compared to CE'e(py) 3 'tren] 2 + {(py) 3 tren = tris[4-(2-pyridyl)-3-aza- 
3-butenyl3amine} and -200 mV^27 compared to the complex using 
hydrotris(3-phenylpyrazol-l-yl)borate as ligand having identical 
coordination sphere and spin-state. 
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2.4.2 Bis Chelatves of Nickel (II) with NiNs Coordination 

The nickel(II) complexes [Ni(H 4 bpp) 2 ]^'^« [Ni(H 2 Me 2 bpp) 2 ]^'^> 
and CNi(Me 4 bpp) 2 ]^‘*’ were chosen for a better evaluation of the 
magnitude of the ligand field splitting parameter lOfia. 

2.4.2. 1 Synthesis and Characterization of [Ni(R4bpp)2}^''' 

complexes 

The bis -ligand complexes were readily obtained when 
ethanolic solution of the ligands and aqueous solution of 
nickel (II) perchlorate were mixed. The complexes are blue 
colored crystalline solids. 

The nickel (II) complexes are highly soluble in polar organic 
solvents. In MeCN solutions they show the expected^^S i;2 electro- 
lytic behavior (Table 2.8). Measurements of susceptibilities in 
MeCN solutions (Evans’ method) of the nickel complexes, 
[Ni(R 4 bpp) 2 ]^‘^ gave the effective magnetic moments, Ueff •^3.00 jag 
(Table 2.8). 

2. 4. 2. 2 Absorption Spectra 

The absorption spectral results of nickel (II) bis-chelates 
in acetonitrile solution are in Tables 2.8 and the spectra of 
[Ni(R4bpp)23^’*' (K=H, Me) are shown in Figure 2.8. The spectra of 
the nickel (II) complexes consist of two principal crystal field 

bands, ^^T2g (l^i) and ^Agg >^Tig(F) ( ^^) . The low 

energy transitions are more or less symmetrical revealing that 
the bonding geometry about the central nickel atom (symmetrical 
octahedral) observed in the solid state structuredly 

CNi(H 4 bpp) 2 3 ( 0104)2 is retained in solution. The 3A2g >^'i’ 2 g 

transitions are observed at 868 nm, 903 nm, and 932 nm for 
[Ni(H4bpp)232+, CNi(H2Me2bpp)232+, and [Ni(Me4bpp)232‘>‘ respec- 
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Table 2.8: tlolar Conductance, Magnetic M(XDent and Electronic Spectral Bata 
of Nickel(II) Coiqplexes in MeCN at 298 K. 


CoEDQpound A^(Q"lciAnol“^)® jJeff(B.M. X, nm (e, M~1 cm"^) 


[Ni(H4bpp)23 282 

(C104)2 


2.99 868 (9). 538 (11), 272 (sh) 

(7 050), 265 (9 400), 224 
(13 900) 


[Ni(H2Me2bRP)2] 275 
{C104)2 


903 (10), 556 (sh) (25), 378 
(sh) (268), 266 (10 100), 

218 (24 250) 


CNi(Me4bEP)2] 281 

(C104)2 


2.96 932 (11), 583 (15), 370 (sh) 

(33), 265 (9 900), 223 

(11 600) 


^Expected range for 1:2 electrolyte, 220-300 cni2 nol”^. 
^^feasured in MeCN using Evans' method. 


Table 2.9: Visible Spectral Data for the Nickel(II) C3c*qplexes in 
MeCN at 298 K 


Oorapound 3l2g< — ^lgCS')< ^A2g 

X, nm e, M-^cm”! X, nm €, M~^cm“^ Dsi, cm“^ B, cstT^ 


CNi(H4bRp)23 

(C104)2 

868 

9 

538 

11 

1152 

976 

CNi(H2Me2- 

b!RP)23(C104)2 

903 

10 

556(sh) 

25 

1107 

987 

[Hi(Me4l®p)23 

(C104)2 

932 

11 

583 

15 

1073 

853 
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tively (Tables 2.8 and 2.9). From the energies of the transitions 
the values for the ligand field splitting parameter Da are 
estimated as 1152 cm“l, 1107 cm”l, and 1073 cm~l for ligands 
H 4 bpp, H 2 Me 2 bpp, and lfe 4 bpp respectively. A most interesting 
result of the spectral study is the gradual -790 cm“l reduction 
in lODa value in going from CNi(H 4 bpp) 4 ] 2 + to CNi(Me 4 bpp) 4 ]^+ 
complex. The iron complexes give rise to similar trend (Section 
2. 4. 1.2). Such an effect is clearly not explainable on the basis 
of electronic effects, and is best attributed to the steric 
effect of methyl groups adjacent to the donor atom. This 
behavior has been noted previously^® for other nickel(II) 
complexes having NiN 0 coordination sphere. Examination of molecu- 
lar models provides some support for a steric interpretation 
(interligand repulsion) that would cause an increase in the 
metal-ligand bond distance with an accompanying decrease in 
ligand field strength. 

The highest energy transition, ^A 2 g >®Tig(P) ( ^ 3 ) is 

obscured by the intraligand absorptions for [Ni(H 4 bpp) 23 ^‘^ and 
CNi(H 2 Me 2 bpp) 23 ^'^. but a shoulder is observed in the case of 
[Ni(Me4bpp)23^'’‘- Considering the following equationsi^S -the Bacah 
interelectronic repulsion parameter, fi was calculated to be 976, 
987, and 853 cm-i for H 4 bPP> H 2 lie 2 bpp, and Me 4 l: 9 P respectively 
(Table 2.9). 

= lODa (2.4) 

7.5E + 15Da. - 3^(225E2 + lOODa^ - IBQ Dg.B )^ (2.6) 

-^ 3 = 7,6E + 15Da + >S(225E2 + lOODa^ ~ ISQ Dg.B )^ (2.6) 
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In addition to the three spin-allowed transitions, a spin- 

forbidden transition >^Eg(D) ( ■^') is located at 13 000 

cni“l. Using the values of Da. and E. transition 

( is predicted to be 23 294cid“1 (for H4bpp} , 26 455 cni“l 

(for H2Me2bpp) and 27 837 cni~^ (for He4bpp) . 

2. 4 . 2 . 3 NMR spectra 

An attempt was made to determine the coordination geometry 
of [Ni(E4bpp)2!l^'^ (R = H, Me) in CD3CN by means of NMR 

spectroscopy. The complexes give rise to paramagnetically 
shifted resonances ranging from +60 to -20 ppm relative to 
TMS (Figure 2 . 9 ). Assignments of the resonances (Table 2 . 10 ) are 
made by comparison with the available data on coordinated 
pyridine ring proton resonances, as well as the 
spectra of CFe(R 4 bpp) 23 ^'’’ (R = H, Me). 

Since octahedrally coordinated nickel (II) complexes are 
magnetically isotropic, the observed isotropic shifts can be 
attributed predominantly to contact interactions. On this basis 
the isotropic shifts should provide direct evidence of the 
mechanism of spin delocalization in CNi(H4bpp)2]^‘*’ and 
[Ni(Me4bpp)2]^'*' complexes. The contact shifts observed for the 
pyridine protons reflect the dominance of a a-delocalization 
mechanisml^O. Such a mechanism, cannot however explain the 
upfield shifts of the methylene protons. Nevertheless, it can be 
explained on the basis of an indirect spin-polarization 
mechanism. According to this mechanism, spin density will 
alternate in sign along a a-bonded network, starting from the 
donor atom which possesses positive spin. Nuclei experiencing 
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Table 2.10; Proton NMR Chemical Shifts Relative to TMS for 
Nickel { II) Bis Chelates 


CNi(H4bpp)2](C104)2 

[Ni(Me4bpp)2](C104)2 

6 (ppm) 

int® 

assignment 

6 (ppm) 

int® 

assignment 

65.0 

4 

H3,h5 

49.5 

4 


47.0 

4 


43.5 

4 


44.5 

4 

h5' 

19.6 

2 

h4 

32.0 

4 


-1.0 

12 

MeS' 

17.6 

2 

h4 

-4.5 

4 

CH2 

- 6.6 

4 

CH2 

-7.0 

12 

Me3' 

-10.5 

4 

CH2 

-10.0 

4 

CH2 


® Relative intensity 







400 MHz H NMR spectra of (a) CNi(H 4 bpp)j](CIO »)2 and 

(b) CNKMe^bpp)^] (ciOOs In CDjCN (solvent and water peaks 
marked by S and x respectively). 


positive spin density will exhibit low field chemical shift. By 
contrast the nuclei with negative spin density display upfield 
shifts. Other broad upfield resonances in the spectrum of 
CNi(Me4bpp)232+ are assigned to the pyrazole 3- and 5- methyl 
proton resonances. Such shifts are probably due to interaction of 
the methyl protons of one pyrazole ring with the x network of 
the other adjacent ring resulting in significant 
shielding. As expected, the resonance for the pyrazole 
proton is very broad in the spectrum of CNi(H4bpp)23^'*‘ . Since 
H 4 bpp and He 4 bpp do not possess low-lying vacant orbitals 
(Section 2. 4. 5. 2), it is not expected that the observed shifts 
would be indicative of x-delocalization mechanism. 

The observed single set of resonances for all the pyridine 
and pyrazole proton resonances is indicative of two equivalent 
chelate rings and this reflects a grossly octahedral symmetry of 
the complexes in solution (Section 2. 4. 1.2). However, the doublet ^ 
feature for the methylene proton resonances is consistent with a 
nonplanar chelate ring conformations as in the solid state | 
structuredly ©f [Fe(H2Me2bpp)23^^ (Chapter 3), CNi(H4bpp)23^'‘' as ! 
well as in the NMR spectra of [Fe(R4bpp)23^'^ (R = H and Me). 

i 

2.4.3 Bis Chelates of Cobalt(II) with CoNg Coordination 

I 

As cobalt(II) complexes are expected to exhibit ligand field! 
transitions and are also capable of providing well defined redox I 
behavior, we have chosen cobalt (II) bis chelates for further! 
substantiation of the predominance of steric over electronic j 
effect. ' 


2 . 4 . 3.1 Synthesis and Selected Properties 

The synthetic method reported herein for the preparation 
of CCo(E4bpp)2] (C104)2 is relatively straight forward. The 
reaction of C0CI2.4H2O or Co(C104)2.6H20 with the appropriate 
tridentate ligand in aqueous ethanol, affords complexes with 1:2 
metal -to-ligand ratio having the general formula [Co(R 4 bpp) 2 ] 
(0104)2 .1120 (when C0CI2.4H2O was used a saturated aqueous 
solution of NaC104.H20 was added to isolate the desired 
product). The orange to pale yellow complexes are indefinately 
stable in air. The complexes are 1:2 electrolytic^^® in MeCN 
solution (Table 2 . 11 ). 

2 . 4 . 3. 2 Magnetic Susceptibility 

Solution-state magnetic susceptibility measurements using 
Evans' method reveal that magnetic moments of [Co(E 4 bpp) 23 ^'*' are 
in the range 4 . 78 - 4.86 ub> which is within the accepted range of 
4 . 7 - 6. 2 Jig for high-spin octahedral cobalt (II) complexes with a 
ground term The solid-state magnetic behavior of a 

representative complex [Co(H4bpp)2](C104)2.H20 has been examined : 
as a function of temperature ( 8-300 K) and diplayed in Figure 
2 , 10 . Unlike the behavior for corresponding iron(II) complex ; 
(Chapter 4 ) there is no indication for temperature-induced spin 
transition in this complex. The complex is uniformly high-spin ! 
(S= 3 / 2 ). The magnetic susceptibility of CCo(H4bpp)2l (C104)2.H20 

was found to adhere closely to the Curie-Weiss law (C. = 3.38 emu i 

1 

K/mol; e = - 6.26 K) . Room-temperature solid-state magnetic moment:^ 

i 

of CCo(R4bpp)2KC104)2.H20 are in good agreement with the solutiorj 
phase data. Variable temperature magnetic susceptibility data are I 

I' 

given in Table 2 . 12 . 



Table 2.11: Molar CSoo5uctance, Magnetic Mcnent and Electrcailc Spectral 
Data of Cobalt (II) Coniplejces in MeCN at 298 K. 


Cojipound 

uCQ'^cnAnol"! )* 

Heff (B.M. ) 

y^, rsm (e, M~i cm"l) 

[Co(H4t!i?p)2] 

(C 104 ) 2 .H 20 

270 

4.78^ 

(5.07)c 

934 (11), 539 (sh) (11), 610 
(sh) (18), 479 (26), 435 (sh) 
(21), 302 (sh) (1 670), 265 
(11 100) 

CCo(H2Me2b!RP)2] 

(C 104 ) 2 .H 20 

260 

4.86^ 

992 (14), 655 (sh) (12), 545 
(sh)(31), 485 (sh) (70), 308 
(sh) (2 330), 265 (10 900) 

[Co(Me4b9pp)2] 

(C 104 ) 2 .H 20 

263 

4.80^ 

(5.20)C 

1050 (11), 637 (sh) (16), 486 
(31), 310 (sh) (2 400), 267 
(11 600) 


^Expected range for 1:2 electrolyte, 220-300 £2”^ cn^ mol"^. 
^^^ieasured in MeCN using Evans' nethod. 

<^Room tenoperature solid state values in parentheses 



Table 2.12: Variable Temperature Magnetic Susceptibility Data 


for [Co(H 4 bpp) 2 ] ( 0104 ) 2 - H 2 O 


T (K) 

Xm (cm^rool"!) 

1 /Xm (cm“3 mol) 

Heff (B.M. ) 

8.8 

0.3650 

2.738 

5.07 

11.8 

0.2727 

3.667 

6.07 

20.0 

0.1636 

6.113 

6.12 

40.0 

0.0896 

11.161 

5.35 

60.0 

0.0624 

16.026 

5.47 

80.0 

0.0475 

21.053 

5.51 

100.0 

0.0382 

26.178 

5.53 

120.0 

0.0319 

31.348 

5.53 

140.0 

0.0271 

36.900 

5.44 

160.0 

0.0231 

43.290 

5.38 

180.0 

0.0201 

49.751 

5.38 

200.0 

0.0182 

54.946 

5.39 

220.0 

0.0161 

62.112 

5.32 

240.0 

0.0146 

68.493 

5.30 

260.0 

0.0132 

75.758 

6.24 

280.0 

0.0120 

83.333 

5.18 

296.2 

0.0111 

90.090 

5.12 



100 



function of tomperature 
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2. 4. 3. 3 Ligand Field Spectra 

The absorption spectral properties of these cobalt (II) 
complexes were examined in MeCN solutions and the behavior of 
[Co(H4bpp)2]^^ is displayed in Figure 2.11 and data are presented 
in Table 2.11. The spectra of these complexes are similar to 
those observed for octahedral high-spin cobalt(II) complexes . 

The comparatively low molar absorption coefficient of the bands 
of d-d origin also indicates octahedral coordination. Under the 
influence of an octahedral crystal field, it is expected that the 
free-ion terms (^F and ^P) split into ^T^g (F), ^T 2 g, ^A2g and 
^TigCP) giving three spin-allowed transitions. In the present 
complexes the number of d-d transitions are more due to low 
symmetry in the ligand field component. 

The d-d bands that are observed for octahedral Co(II) 
complexes occur as follows: at 930-1050 nm (€ ~10) and 

480-490 nm (€ ~40). Three spin-allowed d-d transitions are 

expected for octahedral Co (II) unless the field strength of the 
ligands is such that the and ^Tig(P) terms have the same 

energy. Typical values of tJ, , and for octahedral cobalt (II) 

are 8 000, 20 000 and 22 000 cm“l respectively. The assignment of 

•)J, iothe ^Tig(F) > ^Tig(F) transition is unequivocal; however, 

depending upon the Cji/E ratio, l^may be either ^Tig(F) >^Tig(P) 

or ^Tig(F) >^A 2 g. If the assignment is made as I 


l5, : 

^Tlg(F) >4T2g(F) 

934 nm 

(2.7) 


4Tig(F) >ATig(P) 

479 nm 

(2.8) 


where the energies are taken for CCo(H4bpp)2]^'*" complex, then 




•nil 



spectral parameters can be calculated by using a Tanabe-Sugano^^^ 
diagram. For a Dg/B ratio of 1.60, Da and D were calculated as 
1201 and 761 cm"^ respectively. Similarly, for CCo(H 2 Me 2 bpp) 2 ]^'*' 
and [Co(Me 4 bpp) 2 ]^‘*' complexes Da values were calculated as 1124 
and 1076 cm"^ respectively; and corresponding E values are 776 
and 828 cm“l respectively (Table 2.13). From the above three 
complexes, Eav calculated as 786 cm“^, which is approximately 
70 % of the free-ion value (1120 cm“l).^53 This indicates ~30% 
covalent character in the metal-ligand bonds. A roost interesting 
result emerging from the spectral analyses of [Co(R 4 bpp) 23 ^'^ is 
the gradual reduction in 10 Da. values for R 4 bpp ligands with 
cobalt(II) in the grossly octahedral coordination. We believe it 
is the increased steric crowding near donor site (3-methyl 
substituents) that progressively decreases the value of 10 Da due 
to interligand steric interactions. Similar effects were also 
observed in the iron(II) (Section 2.4.1) and nickel (II) (Section 
2.4.2) complexes of these ligands. 

2. 4. 3. 4 HHR Spectra 

To extract structural information in these six-coordinated 
Co(II) (S=3/2) complexes we have investigated the NMR spectral 
properties of two representative bis complexes CCo(H 4 bpp) 2 ]^''' and 
CCo(Me 4 bpp) 23 ^'‘’. Proton NMR spectra of CCo(H 4 bpp) 2 ]^'*‘ and 
[Co(Me 4 bpp) 2 ]^’*' in CD 3 CN at 298 K are shown in Figure 2.12 and the 
chemical shifts are listed in Table 2.14. In the proton NMR 
spectra distinct peaks were observed in a wide range from +60 to 
-70 ppm and are also well separated. These two complexes are 
sufficient to establish the assignments given. The assi^ments 



TaihLe 2.13: Visible Spectral Data for the C!obalt(II) Cc*qplexes in 


MeCN at 298 K 


Coiqpound 

4l2g(F)< 


%g(P)< 

— -^IigCF) 




>v, ran € 


X, iMa € 


Da. can ^ 

Bi cm“l 

[Co(H4bpp)23 

934 

11 

479 

26 

1202 

751 

(C 104 ) 2 .H 20 







[Co(H2Me2bpp)2] 

992 

14 

485(sh) 

70 

1124 

775 

(C 104 ) 2 .H 20 







CC3o{Me4bpp)23 

1050 

11 

486 

31 

1076 

826 

(C 104 ) 2 .H 20 









Table 2.14: NMR Chemical Shifts Relative to TMS for High-spin 

Pseudooctahedral Cobalt(II) complexes 



Compounds 



[Co(H4bpp)2] 

(C 104 ) 2 .H 20 

[Co(Me4bpp)2] 

(C 104 ) 2 .H 20 

Intensity 

Assignments 

62.2 

63.8 

4 

h3,h5 

60.4 

82. oa 

4 

CH 2 

55.2 

22.8 

4. 12 

H or CH 3 
( 60 

17.2 

16.8 

4 


- 6.6 

-28.8 

4, 12 

H or CH 3 
( 3') 

- 8.0 

-3.2 

4 

CH 2 

- 10.2 

-9.6 

2 

h4 


®Broad signal 




& (ppm) 

Figure 2.12 400 MH2 'H NMR spectra of (a) [Co(H4bpp)2] (0104)2. 2H2O and 

(b) [Co(Me4bpp)23(CI04)2.2H20 In CD5CN (solvent ond water peaks 
rnarked bv S and X respectively). 


(Table 2.14) have been made on the basis of intensity, the 
effects of substitution of the methyl group for hydrogen, 
relative line widths and comparison with the spectra of related 
Fe(II) (Section 2.4. 1.2) and Ni(II) (Section 2. 4. 2. 2) complexes. 
Although the symmetry of the high-spin cobalt(II) complexes are 
found to be grossly octahedral in CD 3 CN solution, the occurrence 
of two methylene proton resonances is indicative of a nonplanar 
chelate ring conformations as observed for corresponding iron(II) 
and nickel (II) complexes. The NMR spectra as in Figure 2.12 
have been reported very recently^^^ utilizing cobalt(II) complexes 
of pyrazole-rich tridentate ligands. 

2. 4. 3. 5 Redox Properties 

Cyclic voltammetric studies using a Pt electrode gave an le“ 
oxidative response in 0.2 M TBAP with ipc/ipa = 1 . 0 . At a scan 
rate of 60 mV/s the peak differences were 80 mV, 100 mV, and 180 
mV (Table 2.15) for [Co(H 4 bpp) 232 +, [Co(H 2 Me 2 bpp) 2 ] 2 +. and 

[Co(Me 4 bpp) 2 ]^'^ respectively. Thus the Co^^^/CoH couple is 
electrochemically reversible^^b for [Co(H 4 bpp) 2 ]^^ (Figure 2.13); 
however, the reversibility progressively decreases for [Co(H 2 Me 2 - 
6PP)23^^ [Co(Me 4 bpp) 2 ]^‘*‘. This is understandable given an 

incremental steric crowding at the CoHNe coordination unit on 
passing from tCo(H 4 bpp) 2 ]^'‘‘ to [Co(Me 4 bpp) 2 ]^^ which in turn 
causes a substantial structural change between the redox states 
Coll and Com and hence the decrease in the reversibility. 
Interestingly, the Ef(E.pa) values observed for the present 
complexes are at the highest amongst high-spin 

cobalt (II) complexes having CON 0 coordination, known so far. 



Table 2.15: Electrochemical Data^ of Cobalt (II) Complexes in 


MeCN at 

298 K 




Compounds 

£pa(V) 

£pc(V) £f(V) 

AEp(mV) 

[Co(H4bpp)2](C104)2. 

H 2 O 

0.78 

0.70 

0.74 

80 

CCo(H2Me2bpp)23 

(C 104 ) 2 .H 20 

0.88 

0.78 

0.83 

100 

CCo(Me4bpp)2] ( 0104 ) 2 . 
H 2 O 

1.06 

0.97 

_b 

180 

® Scan rate: 50 mV s“ 

platinum 

working 

electrode; 

reference 


electrode SCE; supporting electrolyte, TBAP. 





I I I I 1 

+ 0.2 + 0.6 + 1.0 

E (V) vs SCE 


Figure 2.13; 

Cyclic voltammogram (scon rate 50 mV s'') and differential pulse 
volfammogram (scan rate 5 mV s"', modulation amplitude 25 mV, 
drop time 0.5 s) of £Co(H^bpp)J (CI0*)j.2H20 In MeCN of a 

platinum electrode; supporting electrolyte TBAP. 

• ! 

i 

i 

! 



Since the observed oxidative responses are not reversible 
for all the three complexes, for the purpose of comparison the 
emphasis is given to the anodic peak potentials which are the 
potentials measured where the anodic peak current is at its 
maximu a. The observed trend in the Epa values of [Co(H4bpp)2]2‘'' 
( 0.78 V), [Co(H2Me2bpp)2]^'*' ( 0.88 V), and [Co(Me4bpp)23^'’' ( 1 . 06 V) 
is similar to that encountered in the case of iron(II) bis 
chelates (Section 2 . 4 . 1 . 4 ). This unusual redox behavior further 
strengthens the argument of the predominance of steric effect 
caused by methyl substitution at the 3 -position(s) over the 
electronic contribution at the 5 -position(s) in the ligands 
H2Me2bpp and Me4bpp. 

2 . 4.4 Mono and Bis Chelates of Manganese(II) 

In order to generalize the observation of steric/electronic 
factors over the other in these systems we have also chosen mang- 
anese (II) complexes of B4bpp ligands as an electrochemical probe. 

2 . 4 . 4.1 Syntheses and Characterization 

Reactions of Mn(C104)2.6H20 with two equivalents of ligands 
H4bpp, H2Me2bpp or Me4bpp produced the cations [Mn( 0104)2]^'^ 
which were isolated as the perchlorate salts. Reactions of 
equimolar ratios of MnCl2.4H20 ^uld the ligands H4bpp and Me4bpp 
afforded the five-coordinate complexes, CMn(H4bpp)Cl23 and 

! 

[Mn(Me4bpp)Cl2] respectively. The complexes in solid state are 
pale yellow, almost colorless, and stable in air at room | 

temperature. The IR spectra between 4000 and 600 cm~l are not 
particularly inforoative, merely indicating that the ligands have 

I 

coordinated to the metal. The manganese (II) bis complexes display 
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(OH) absorptions at -3400 cm"^ and (C 104 “) absorptions at 
"1100 cm"* in their IR spectra. The dichloro complexes do not show 
(OH) absorption indicating the absence of coordinating water 
in the complexes . The structure of the dichloro complexes is 
presumably five-coordinate. This structural pattern has been 
authenticated in similar complexes using three-dimentional X-ray 
crystallography . 

The bis complexes are soluble in polar organic solvents but 
insoluble in water; however, the dichloro complexes are soluble 
in water, methanol and DMF. Conductivities of the dichloro 
complexes in water are suggestive of dissociation of the 
chlorides (Table 2.16). As expected, the bis-chelates behave as 
1:2 electrolytes . ^38 The room temperature magnetic moments in 
MeCN/DMF solution indicate the presence of high-spin d^ 
manganese(II) complexes (Table 2.16). All the complexes display 
in MeCN/H 20 featureless electronic absorption spectra charac- 
teristic of only intraligand transitions. The X-band EPR spectra 
of all five manganese (II) complexes were recorded in MeCN/H20 at 
room temperature exhibiting well-resolved intense resonances 
centered at -3300 G showing ^^Mn hyperfine structure (Table 2.16). 
X-Band EPH spectrum of CMn(H4bpp)2]2+ in MeCN at room temperature ! 
is shown in Figure 2.14. The hyperfine coupling constant (A "90 G) : 
and the hyperfine intensity patterns are typical of a monomeric i 

manganese(II) complex. | 

[ 

I 

2.4. 4.2 Electrochemistry, (a) Bis Chelate Complexes 

To investigate the electronic/steric effect on Mn^^^/Mn^^ i 
redox potentials due to the substituents present in R 4 bpp ; 



TaihLe 2.16: Molar Conductivily, Magnetic Moinant and X-band EER 
Spectral Data of Manganese(II) Conpl^ces at 298 K 


Cotqpound 

Solvent 

Ajj(£2~Icn?mol“l 

neff(B.M.)b 

fiav 

A(G) 

£Mn(H4bpi>)23 

(C 104 ) 2 . 2 H 20 

MeCN 

271 

6.01 

1.92 

93 

[Mn(H2Me2b(PP)23 

(C 104 ) 2 . 2 H 20 

MeCN 

270 

5.91 

1.93 

87 

CMn(Me4bRP)23 
( 0104 ) 2 - 2 H 2 O 

MeCN 

282 

6.02 

2.00 

87 

[Mn(H4bpp)Cl23 

H 2 O 

225 

- 

1.99 

95.5 


DMF 

52 

6.82 

2.00 

95 

[Mn(Me4bpp)Cl23 

HgO 

226 

- 

- 



DMF 

48 

5.97 

1.98 

94 


®In MeQi, eacpected 1:2 electrolyte range, 220-300 £2~1 cm? mol"l. For 
aQoeous solution of lfaCl2.4H20,.Au = 226 cm? niol"^. In DMF, expected 
1:1 electrolyte range, 65-90 Q"! cm? ido1~^. 

^’Measured in solution by Evans*' loethod. 
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igure 2.14 EPR specirum of [Mn(H4bpp)2] (Cl 04)2.2 H2O in MeCN of room 
temperature 

I 

I 

. I 

i 

• j. 

i 

i 

I 

I 

f 

j 

I 



ligands, cyclic voltammetry was utilized. In MeCN solution all 
the three bis complexes undergo irreversible (however, the 
rereduction waves are seen) one-electron oxidative responses. 
Representative cyclic voltammograms are displayed in the Figure 
2.15 and the data are compiled in the Table 2.17. 

The strong resistance (very positive potential) of high-spin 
manganese (II) complexes to oxidation is attributed to the effect 
of the symmetrical configuration.^®^ It is worth mentioning 
here that the corresponding iron(II) and cobalt(II) complexes 
exhibit reversible/quasireversible cyclic voltammograms at a less 
positive potential (Section 2.4. 1.4). Since the observed 
oxidative responses are irreversible, the emphasis is given to 
the anodic peak potentials (Spa)- This should not be confused 
with thermodynamic reduction ptentials, which are obtained from 
reversible cyclic voltammograms. We became interested in seeing 
how the Epa values of this group of three manganese(II) bis- 
chelates are affected through systematic changes in ligand 
structure. 

In the bis-chelate series the anodic peak potential values 
of [Mn(H2Me2bpp)23^‘'‘ and CMn(Me4bpp)232‘*’ are greater than the 
corresponding unsubstituted complex. The extent of steric 
predominance over electronic effect observed in these manganese (II) 
bis complexes as revealed by cyclic voltammetric experiments can 
be compared with a similar effect observed for Fe^^^/Fe^^ couple 
(Section 2. 4. 1.4) and Com/Col^ couple (Section 2. 4. 3.5) in 
corresponding iron(II) and cobalt(II) bis complexes respectively 
using the present ligemds. Interestingly, the effect is more 
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Table 2.17: Cyclic voltarometric® » ^ Data of Manganese(II} Complexes 
at 298 K 


Compound 

Solvent 

Kpa (7) 

£pc (V) 

AKp (mV) 

CMn(H4bpp)232+ 

MeCN 

1.62 

1.25 

270 

[Mn(H2Me2bpp)2]2+ 

MeCN 

1.72 

1.29 

430 

[Mn(Me4bpp)2]^'‘‘ 

MeCN 

1.85 

1.42 

430 

[Mn(H4bpp)(H20)n]2+ 

H 2 O 

0.92 

0.72 

200 

[Mn(Me4bpp)(H20)n]2+ H 2 O 

0.89 

0.67 

220 

®A11 potentials are 

referenced 

to SCE : scan 

rate 50 mV 



^In MeCN, supporting electrolyte TBAP; platinum working electrode. 
In H2O solution, supporting electrolyte KNO3; glassy carbon working 
electrode . 
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ngure 2.15 Cyclic voltammograms of (a) Mn(H*bpp), in McCN 
(1.01 mM) at a platinum electrode; 

(b) Mn(H.bpp)(H20). ” in water (1.2 mM) at a 

glassy carbon elsctrode. Scan rate 50 mV s'’ 




pronounced here compared to the iron and cobalt case. 

Cb) Mono Chelate Contplexes. If our argument is correct then 
decreasing the number of ligands around the metal center should 
allow one to observe the usual electronic effect of the 3 -methyl 
substituents since lesser number of ligand is expected to relax 
the steric strain in the metal coordination geometry. For this 
purpose we prepared 4 wo mono chelates of manganese(II) . 

As the two dichloro complexes studied here dissociate in 
aqueous solution we decided to exploit this information in a 
useful chemical sense. Thus we have generated in aqueous solution 
mono-chelate species of general composition, [Mn(R4bpp) (H20)ji]2+ 
following nucleophilic halide displacement reactions on dichloro 
precursors. The aqua species thus generated were examined by 
cyclic voltammetry. The electrochemical data for these two aqua 
complexes are in Table 2.17 and the cyclic voltammogram of 
[Mn(H4bpp) (H20 )ii 32+ is shown in Figure 2 . 15 . Now we see that the 
anodic peak potential of £Mn(Me4bpp) (H20)jj3^'*' is less positive 
than that of [Mn(H4bpp)(H20)n32‘^. Thus in the case of aqua 
complexes, compared to H4bpp ligand Me4lypp is a better stabiliser 
of the +3 state of manganese. This is understandable on the basis 
of its being a comparatively better a-donor due to the presence 
of electron donating methyl groups as substituents. 

The present electrochemical identification of predominance 
of electronic/steric effect over the other in the case of Mn^"^ 
complexes is unique since in this case upon complexation the 
high-spin configuration of Mn 2 + ion provides no crystal field 
stabilization energy. 
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2 . 4.5 HutheniumClI) Conaplexes with BuNe Coordination 

Anticipating that by changlns the size of the metal ion in 
going from the first- to second- transition-series lead to the 
Observation of a predominance of electronic effect over the steric 
effect, we extended our study with ruthenium. 

2 . 4 . 5.1 Syntheses and Selected Properties 

The general synthetic approach that was employed for the 
preparation of the ruthenium (II) complexes with various 
combinations of the ligands reported in this work has involved 
the reactions of (R4bpp)RuCl3 (R = H or Me) with the tridentate 
ligands (B4bpp) in the presence of sodium hypophosphite as reducing 
agent. The successful syntheses of these complexes demonstrate 
the generality of substitution reactions that the complexes 
(R4bpp)RuCl3 can undergo. The synthesis and a very limited charac- 
terization data of the complex CRu(H4bpp)2]^'^ are reported in the 
literature^^ following a direct reaction between the ligand and 
RUCI3.3H2O in the presence of NaH2P02 as reducing agent. 

New monochelate ruthenium(III) starting complexes used in 
this work were prepared following direct reactions between the 
appropriate ligand and RUCI3.3H2O in ethanol. The molar conduc- 
tance value of (H4bpp)RuCl3. 3H2O in DMF solution reveals a 
partial dissociation of supposedly neutral complex. Measurement 
of the magnetic susceptibility of this complex in DMF solution 
gives 4 eff value of 1.98 (Experimental section), consistent with 
the presence of monomeric octahedral low-spin (S = %) ruthe- 
nium(III). The bis-chelates of ruthenium(II) were isolated as 
czystalline diperchlorate salts and are diamagnetic. 
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2. 4. 5. 2 Absorption Spectra 

The absorption spectral data for all the rutheniumCII) 
complexes are presented in Table 2.18. The absorption spectrum 
of (H 4 bpp)RuCl 3 . 3 H 2 O in DMSO and a representative ruthenium(II) 
bis-complex in MeCN are shown in Figure 2.16. For (H 4 bpp)RuCl 3 
the shoulders at 460 nm and 600 nm are assigned as ligand (7t)-to- 
metal(t 2 ) charge-transfer transitions. The band at 369 nm is due 

to Cl~ >Ru(t2) charge-transfer transition. The spectral feature 

observed for this mononuclear ruthenium(III} complex is well 
documented in the literature. 

All the ruthenium(II) bis complexes show three types of 
bands. Comparatively less intense shoulder at "580 nm, absorptions 
of medium intensity in the region 360-430 nm and very strong 
bands due to intraligand transitions at further higher energies. 

The occurrence of a less intense shoulder at ~580 nm demands 
a special attention since an absorption tail at 546 nm with molar 
extinction coefficient of "700 M“lcm“l for the most thoroughly 
studied ruthenium(II) complex, CRu(bpy) 3 ] 2 + (bpy=2, 2 '-bipyridine) 
is responsible for its luminescence and is assigned to spin for- 
bidden metal -to-ligand charge-transfer, ^MLCT transition, 

We believe that the weedc-field nature of R 4 bpp ligands has made 
low-lying metal-ligand antibonding orbital do’*^ thermally 

accessible and the shoulder at " 680 nm is due to (dx)® >(dx)® 

(dof*)^ transition. We xrule out the possibility of this being spin 
forbidden charge- transfer (®MLCT) transition since the ligands 
used in this work are very poor x-acceptors (see below). 

The absorptions in the region 360 - 430 nm, are attributed 



Table 2.18: Molar Goziductance^, Electzonlc Spectra and Qydic VoltarntDetric^ 
Data of Buthenlumdl) Coiqplexes in Me(^ at 298 K 


Conpounds 

^-1, 

^,niD (€, M"“^cnr^) 

couple 

Ef(V) AEp(mV) 

CRu(H4bpp)23 

(C 104 ) 2 .H 20 

274 

256 (19 000), 285 (sh) 
(10 240), 395 (7 234), 
586 (sh) (330) 

1.06 

80 

CEu(H2Me2btI>)23 

(C104)2 .H 2 O 

280 

257 (18 020), 285 (sh) 

(9 690), 404 (5 910), 

580 (sh) (787) 

1.03 

80 

[Bu(Me4tpp)23 
(C104)2 .H 2 O 

281 

257 (19 050), 285 (sh) 

(9 960), 350(sh)(3 070), 
419 (8 420), 605 (sh) 
(920) 

1.00 

80 

[Ru(H4bPP)(H^- 

l5)P)3(C104)2.H20 

270 

257 (17 750), 286 (sh) 

(9 880), 392 (6 060), 

591 (sh) (635) 

1.05 

90 

CEu(H4l®p)(Me4- 

tpp)3(C10432.H20 

281 

257 (18 800), 286 (sh) 

(7 990), 350(sh)(3 070), 
409 (6 220), 580 (sh) 

(280) 

1.04 

90 

[Bu(H2Me2l»P)(MB4- 

la?P)3(C104)2.H20 

- 283 

257 (18 090), 285 (sh) 

(9 590), 403 (5 820), 

600 (sh) (730) 

1.01 

90 


^Expected 1:2 electrolyte ran^e: 220 - 300 0“^ cni^ mol”!. 
^^Beckman planar platinum inlay (H-39273) voxkijag electrode; 
electrolyte, TB&P (0.2 M); scan rate, 50 mV s“l; potoitials 


supporting 
are vs. 


saturated calomel electrode (SC^>. 
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to the spin-allowed charge- transfer transitions from the metal 
d 7 C orbitals to the ligand orbitals (MLCT) . Inspection of 
Table 2.18 shows that, in going from CRu(H4bpp)232'*' to 
[Ru(Me4bpp)2]^'^ a significant red shift in the band maxima is 
observed as the number of methyl substituents near the donor site 
increases. A similar trend was observed in the cases with 
substituent in a sterically hindering position. 

The MLCT band positions of the present complexes are 
comparable to the related group of complexes of 2,6-bis(H.- 
pyrazolyl) pyridine ligands. it is worth noting here that the 
MLCT band energy for CBu(trpy) 2 ]^‘^ (trpy = 2,2':6*,2"- 

terpyridine) is 476 nm.^^ This indicates an increase in separation 
of the energy levels of the raetal d and ligand x* orbitals in 
these complexes of pyrazole-rich ligands compared to pyridine- 
rich planar trpy ligand. Since the same orbitals are well 
knownlS®*!®^ to be involved in the redox processes this is also 
reflected in an increase in the potential gap between the 
Rum/Ru^I redox couple and the first ligand reduction process 
(see below). Furthermore, it appears that this increase results 
from both an increase in the energy of the metal d orbitals, as 
shown by the decrease in Ru^^^/Ru^^ reduction potentials 
(cathodically shifted), and a large raising of the level of the 
ligand X* orbitals (see below). The band at -250 nm and the 
shoulder at -285 nm are assigned to ligand-localized transitions. 

2. 4. 5. 3 HMB Spectra 

To throw light on the bonding interactions between the 
metal and the chosen ligands in these diamagnetic complexes we 
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have examined the NMR spectral properties of two 
representative bis complexes, viz., CRu(H4bpp)23 (0104)2. H2O and 
[Ru (Me4bpp) 23(0104 >2. H2O in CD3CH. Table 2.19 lists the NMR 
chemical shifts for the complexes with coordination-induced 
shifts (OIS = ^QoiQpXex “ ^ligand) • A typical spectrum 
is shown in Figure 2 . 17 . Assignments were made by comparison with 
the spectra of the free ligands and of related complexes from the 
literature. In both the complexes studied here it is expected 
that the six-membered chelate rings exist in boat conforma- 
tions. In the spectra of CRu(H 4 bpp) 23 ^‘*' and [Ru(Me4bpp)23^'^» 
the CH2 protons give rise to an AB quartet, which confirms the 
presence of two diastereotopic protons, axial and equatorial. 
Thus it is obvious that these two protons are not interconverting 
on the NMR time scale, otherwise a singlet would have resulted. 

Inspection of the chemical shifts and CIS values in Table 
2.19 allows a number of observations to be made. The CIS values 
are, in general, positive except for protons on carbon atoms 
adjacent to the coordinating nitrogens and the methylene protons. 
The former protons show significant negative (upfield) CIS 
values . 

A large range of CIS values (+ 1.06 to - 1.64 ppm) reflects 
some dramatic changes in the NMR chemical shifts upon 
coordination of ligands to ruthenium. The sign and magnitude of 
CIS values depend on several factors^^*^®®'^^^ like, ligand-to- 
metal 0 donation, metal -to-ligand x back-donation, chelation- 
imposed conformational changes , coordinative disruption of inter- 
ring conjugation and through-space ring-current anisotropy. 

The large negative CIS values observed for protons 



Table 2.19: NMR Gha n ical Shifts® and CkxDrdinatlon Induced Shifts^ of 


RuthenlianCII) Complexes 





% NMR 




IXXlQpuUIiU •“* 

h4 

h3,h5 

h4' 


r3'c 

r5'c 

H4tEP 

7.43 

(q,J=8H2) 

6.80 

(d,J=8Hz) 

6.23 5.33 

(t,iZ=2.5H2) ( s ) 

7.33 

(d,J=2.5H2) 

7.60 

(d,a=2.5H2) 

[Ru(H4t®p)2] 

(C104)2 

8.15 

(t,iI=8Hz) 

7.78 

(d,J=8Hz) 

6.25 
( m ) 

5.15 

(AB,q, 

J[=16Hz) 

6.25 
( B ) 

7.80 

(s.br) 

CIS 

Mi. 12 

+0.98 

+0.02 

-0.18 

-1.08 

+0.20 


7.50 

(q,J=8H2) 

6.73 

(d,iI=9Hz) 

5.80 
( s ) 

5.16 
( s ) 

2.06 
( s ) 

2.13 
( s ) 

[Ru(Me4b(pp)2] 

(C104)2 

8.08 

(t,J=8Hz) 

7 .73 

(d,i=8H2) 

5.95 
( s ) 

5.06 

(AB.q, 

J=16Hz) 

0.42 
( s ) 

2.42 
( s ) 

CIS 

+0.58 

+1.06 

+0.15 

-0.10 

-1.64 

+0.29 


^or deutexated acetonitrile solutions. 

^ CIS= 6ooa|pl6x “ ^ligand* 
c H or CH3. 
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adjacent to coordinating pyrazole nitrogens (R^ position) result 
from inter ligand through-space ring-current anisotropy effects 
since on complexation the protons involved all lie over the 
shielding plane of the central pyridine ring of the other 
coordinated ligand. It is clearly seen when 3 '-position is methyl 
substituted . 

The large positive CIS values for pyridine protons 
(jj 3 , 4 , 5 ) (downfield shifts) suggest that the ligand to metal a 
donation is more important (as this will decrease the electron 
density at those sites and lead to positive CIS values) than 
metal-to-ligand x back donation in the ground state of these 
complexes (see below). Since ring-current-induced fields depend 
on the aromaticity and x polarisability of the heterocycle these 
effects will differ significantly for the different type of 
heterocycle. Thus in contrast to pyridine ring protons 
pyrazole ring protons are shifted toward upfield. This is in 
accord with the well established fact that pyrazole-containing 
ligands are expected to be weaker^^ donors than the £uaalogous 
pyridine-containing ligands, given the difference in ligand 
basicities for pyridine and pyrazole ring systems. The reduced 
donor ability of pyrazole ring systems relative to pyridine ring 
systems may also be a result of the geometric constraints on the 
chelate bite. In the case of CRu(H 4 bpp) 23 ^'*’ the CIS values for 
the pyrazole ring protons (H^ and R^ ) are less positive than 
that of [Ru(Me4bpp)2]2'^ suggesting that compared to H4I1PP the 
ligand Ile4bpp is a better donor to ruthenium (see below). 

In the ligands H4l^ and i!e4bpp the x-excessive (pyrazole) 
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heterocycle is not directly bound to a 3 t-deficient (pyridine) 
heterocycle. Due to this disrupted conjugation the coordinated 
ruthenium can act as an alternative acceptor of jc-electron 
density from the pyrazole and donor to the pyridine. 1^4 

2 . 4. 5. 4 Electrochemistry 

The electrochemical behavior of t(H 4 bpp)EuCl 3 ] in DMF 
solution was investigated by cyclic voltammetry to examine the 
extent of stabilization of ruthenium(III) state by H 4 bpp with 
respect to reduction. The cyclic voltammogram exhibits a quasi- 
reversible (AEp = 100 mV at a scan rate of 50 mV s"^; with a 
tenfold increase in scan rateAEp increases by 70 mV) one- 
electron reductive wave at -0.24 V y&. SCE with two additional 
oxidative responses during the anodic (reoxidative) scan (Figure 
2.18). This behavior is a prototype of electron-transfer 
followed by chemical reaction. When studied in DMSO, the 
KuIII/RuH formal potential (Ef) increases by 100 mV. The formal 
potential for couple 1 justifies the successful use of sodium 
hypophosphite ( H 3 PO 3 + 2 H"*" + 2e~ H 3 PO 2 + H 2 O, -0.75 V 3ca.. 

SCE )175 reducing agent in the syntheses of the ruthenium(II) 
complexes. Even though the syntheses were carried out in acidic 
aqueous medium and the electrochemical experiments were done in 
DMF/DMSO, an idea about the ease of reducibility of 
C(H 4 bpp)RuCl 33 is of significance. 

All the ruthenlum(II) bis complexes exhibit a well-defined 
nearly reversible Ru^^^/Ru^^ oxidative responses (Figure 2.18 and 
Table 2.18) when examined by cyclic voltammetry. The Rum/Rul^ 
formal potentials for the present complexes are about 200 mV 




figure 2.18 Cyclic voltammograms of (a) (H<bpp)RuCl 3 In DMF and (b) [RuCH^bpfj 
(Me 4 bpp)] In MeCN at a platinum electrode; scan rate 50 mV s“’; | 
solute concentrotlons are 1 0“* M -I 
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cathodic than those of related complexes (1.06-1.25 V 3La.. SCE) of 
Jameson and coworkers^^ This trend points toward a 
destabilization of filled t2 orbitals by the present ligands. 

Thus compared to Jameson's ligands^^ the present ligands are 
better donor towards ruthenium(II) . It is worth mentioning here 
that the R 4 bpp ligands are weak field ligands towards Mn(II), 
Fe(II), and Co(II) as a result of the increased metal-pyridine 
bond distance caused by steric requirements. 

Two ill-defined irreversible ligand-based reductions were 
observed for all the complexes when scanned cathodically (Figure 
2.18). The potentials are very negative (Epc values lie in the 
range -1.90 to -2.20 V ysl . SCE) revealing that the LOMO's 
(lowest unoccupied molecular orbitals) are relatively high in 
energy compared to trpy.^^ It is worth noting that for Jameson “"s 
ruthenium(II) complexes irreversible ligand reductions were 
observed at -1.66 V jja SCE.^^ Thus these E 4 bpp ligands are 
even weaker as x-acceptors. The poorer x-accepting property of 
pyrazole-containing ligands relative to polypyridine ligands has 
also been noted previously. 

A steady decrease in the Rum/Ru^^ formal potentials from 

1.06 to 1.00 V SUL. SCE was observed (Table 2.18) with an increase 

in the total number of methyl groups from zero to eight, A plot 
of Ef (Ru^^^/Ru^^ couple) sul the total number of methyl groups is 

t 

shown in Figure 2.19. The trend is understandable given the 

1 

electron-releasing nature of the methyl groups. An average 
potential step size of - 8 mV / methyl group is obtained from 
the slope of the graph. Interestingly, when the pyrazole rings | 

• f 

are attached directly to the pyridine ring this potential step | 
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size is much larger (24 mV / methyl group). 14, 15 We believe that 
the reduced inductive effect of the methyl groups observed here 
is due to a partial contribution of the steric effect. 

2 . 5 Concluding Remarks 

Followings are the salient features of the work described in 
this chapter: 

(i) The recognition and characterization of a new class of 
tridentate mixed heterocyclic ligands R 4 bpp have been achieved. 

(ii) To investigate the influence of methyl substituents 
near the donor site (B 4 bpp ligands) the bis chelates of Mn(II), 
Fe(II), Co(II), Ni(II), and Ru(II) complexes have been synthe- 
sized. All the first-transition-series metal ions show high-spin 
behavior and +2 states are significantly stabilized in their bis 
chelates. Additionally, it is interesting to note that the 
high-spin cobalt (II) complexes belong to a rare family of 
species having CoNg coordination. 

(iii) Solution stereochemistry of high-spin Fe(II), Co(II), 
and Ni(II) complexes has been determined using NMR 
spectroscopy. The proton NMR spectral results are summarized in 
Table 2.20. For low-spin ruthenium(II) complexes coordination 
induced shifts were calculated from their NMR spectra. 

(iv) The predominance of steric effect over electronic is 
manifested by the steric barrier to the close approach of the 
metal atom to the donor atoms which causes an effective reduction 
in the field strength experienced by the metal and in the 
distortions in the coordination octahedron. This has been nicely 
revealed from the absorption spectral studies. Table 2.21 



Table 2.20: Paraniagnetically Shifted NMR Assignments for Hi^-spin 
Iran(II), Cobalt(II), and Nicteldl) Bis Chelates 
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Compound CH2 

(or Me) (or Me) 


[Fe(H4bF!P)23 

(C104)2.H20 

44.0 

10.0 

27.0 

22.0 

39.0 

-18.0 

[Fe(Me4hpp)2] 

(C104)2.2H20 

60.0 

9.0 

39.5 

21.5 

47.5 

-25.0 

[(3o(H4hpp)2] 

(C104)2.2H20 

62.2 

-10.2 

-6.6 

55.2 

17.2 

60.4 

[Co(H4bRp)2] 

(C104)2.2H20 

63.8 

-9.6 

-28.8 

22.8 

16.8 

82.0 

[Ni(H4hPp)2] 

(C104)2 

55.0 

17.6 

32.0 

44.6 

47.0 

-6.5 

[Ni(H4hpp)23 

(0104)2 

49.5 

19.6 

-7.0 

-1.0 

43.5 

-4.5 


CH2 

-48.0 

- 68.0 

- 8.0 

-3.2 

-10.5 

- 10.0 
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Table 2.21: Ligand Field Splitting Parameter (lODa.) for Iron(II), 
Cobalt (II), and Nickel (II) Complexes 


Compounds 


IODq (cm~^) 



M = Fe 

M = Co 

M = Ni 

[M(H4bpp)2]2+ 

11 870 

12 020 

11 520 

[M(H2Me2bpp)2]2+ 

11 310 

11 240 

11 070 

[M(Me4bpp)2]2+ 

11 020 

10 760 

10 730 
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summarizes the ligand field splitting parameter 1012a. for 
Fe(II), Co(II), and Ni(II) complexes. 

(v) In the case of first-transition series selected bis- 
chelate complexes of B 4 bpp we observe that the redox 
potential (M = Mn, Fe, and Co) increases as the number of methyl 
groups near the donor site increases, demonstrating the predomi- 
nance of steric effect over the electronic effect. Thus we 
believe that for a second-transition series metal ion like 
ruthenium(II) , the larger size of the metal ion has caused a 
better metal-ligand orbital overlap and hence overrides the 
steric effect. The decreased potential step size observed in the 
case of Ru(II) relative to those observed for the Mn(II), Fe(II), 
and Co(II) complexes indicates that the steric factor is still 
operative in Ru(II) bis-chelate complexes, although it is 
outweighted by the electronic effect. A plot of the kind 
presented in Figure 2.20 neatly summarizes our experimental 
findings for couple (M = Mn, Fe, Co, and Eu) in the bis 
complexes of the present ligands. 
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Figure 2,20 


Variotion of mVW r.dox pot.ntial with Me substitution 
In ihe ligand framework. 


i 




t 



CHAPTER 3 


Solulvion and Crystel Structure of Sterlcally Hindered Iron(II) Bis 
Chelate with Unsymmetrically Methyl Substituted Ligand H2He2bpp 
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During the course of identification of steric effect over 
electronic or vice versa (Chapter 2 ), we have observed that in 
the bis chelates of first-row transition metals, increase in the 
steric crowding by methyl substituents near donor site results in 
decrease in strength of the ligand, which means effectively 
poorer metal-ligand orbital overlap. The consequence of this is 
expected to be reflected by longer M-N bond distance(s). For 
obvious reasons we became interested in identifying this phenome- 
non. Fortunately, we were able to grow X-ray quality single 
crystals for iron(II) bis complex with unsymmetrically methyl 
substituted ligand, H2Me2bpp. In this chapter we describe the 
crystal structure of CFe(H2Me2bpp)23 (0104)2 solution structure 
of the same compound as revealed from NME spectroscopy. 

3.1 Experimental Section 

3 . 1.1 Measurements 

X-xay-JBa t a Collection and ..S t ructu re Solution and. R e f Inement. 

Crystals of [Fe(H2Me2bpp) 2 3(0104)2 suitable for diffraction 
work were obtained by slow evaporation from an aqueous -methanol 
solution of tFe(H2Me2bpp)23 (0104)2 -2H2O, ^ single yellow crystal 
was mounted on a glass fiber and placed on a Rigaku AFC- 6 S diffr- 
actometer using graphite-monochromated Mo X-radiation ( ^ = 
0.71073 X). Diffraction data at 296 K were collected at Keene 

State College, Keene, New Hampshire. 

The unit cell dimensions were obtained from a least-squares 
refinement of 26 strong, machine-centered reflections in the range 
30.14 < 2 fi. < 31 . 73 <>. Crystal data, data collection and refinement 
parameters are summarized in Table 3 . 1 . The scan technique was 



Table 3.1: Suimmy of X-ray Diffracticai Data for [Fe(H2Me2bi>p)2] (€ 104)2 


fornula 

fw 

&, A 

b. A 

c. A 

&, deg 
cryst system 
2 

Y, A3 

dcalcd* fi/cm3 
space grottp 
I, °C 
radiaticn 
abs coeff (u), 
no. of obsd data 
no. of variables 
E(£^)a 
fiw(Eo)'’ 

quality-of-fit indicator® 


C3oH34NFeO0NioCl2 

789.41 

14.209 (2) 

13.666 (2) 

18.632 (2) 

99.42 (1) 

monoclinic 

4 

3550 (2) 

1.477 

E2i/n (No. 14) 

23 

Mo Kct (X= 0.71069 A) 
6.35 
3298 
689 
0.057 
0.060 
1.86 


a E = 2 IIEoI-|EcU/2I£^I- = [(2h ( lEol - lEcl )2 / S hIEoI^)]’^ 
where H=4I^2/o2(£^2)and o2 (Eq^) = CS2(C + fi2 * B) + 

(p Eo2)2]/Lj, 2, Tdere S = scan rate, C = total Integrated peak count, B = 
ratio of scan time to background counting tine, B = total backgrcuiKi count, 
= Lorents polarizatLcn factor, and p = ftidge factor (fixed at 0.03). 

® quality of fit = ChCIEoI-IEc* )V(ifcbservns " parameters) 
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employed for which 6 ® < 26L < 56^. Omega scans of several intense 
reflections, made prior to data collection, had an average peak 
width at half-height of 0.28O with a take-off angle of 6 . 0 ®. Scans 
of (1,17 + 0.30 tanO. were made at a speed of 8.0®/roln (in 
omega). The weak reflections (I < lO.Oa(I)) were rescanned (maxi- 
mum of 2 rescans) and the counts were accumulated to assure good 
counting statistics. Stationary background counts were recorded 
on each side of the reflection. The ratio of peak counting time 
to background counting time was 2:1, Three check reflections were 
measured every 150 reflections: they exhibited no significant 
decay during the data collection. An empirical absorption correc- 
tion, based on azimuthal scans of several reflections, was 
applied which resulted in transmission factors ranging from 0.90 
to 1.00. Intensities were corrected for Lorentz and polarization 
effec -s. Considerations of molecular formula weight and volume 
calculation suggested Z. = 4. Monoclinic space group E2i/n (no. 14) 
was uniquely established by systematic absences h .01 ( h. + 1 ^ 211 ) 
and 0k,0 ( k. 7 ^ 2n. ) . Successive solution and refinement of the 
structure (Professor R. J. Butcher, Howard University, Washington, 
D.C. via Modem) confirmed this space group. 

Neutral atom scattering factors were taken from the 
tabulation of Cromer and Waber.^^® Anomalous dispersion effects 
were included in E.calc;^^® the values for f.' and f." were those 
of Cromer. All data with 1 > 3.0 CT (1) were retained as 

observed and used in all subsequent least-squares refinements . 
The structure was solved by the direct methods. Subsequent 
Fourier syntheses revealed the positions of the remaining non- 
hydrogen atoms. The structure was refined by a full -matrix 
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least-squares method with anisotropic thermal parameters used for 
the non-hydrogen atoms. The function minimized was Sr( lEol - 
lEcI)^ where E© are the observed and calculated structure 

amplitudes, and the weight, a, is 4Eo^ /<r^(Eo^). The maximum and 
minimum peaks on the final difference Fourier map corresponded to 
0.63 and -0.41 e- respectively. All calculations were per- 

formed using the TEXSAN^^^ crystallographic software package of 
Molecular Structure Corporation for the structural calculations 
and the programs PLUTQIS^ and ORTEP^^^ for the molecular and 
structural drawings. The final weighted R factor (on E) was 0.060 
and the unweighted E factor was 0.057. 

Details of NMR measurements are given in Chapter 2 (Section 

2 . 1 . 2 ). 

3.2 Synthesis of Coi^pound 

The synthesis of [Fe(H2Me2bpp) 2] (0104)2- 2H2O has been given 
in chapter 2 (Section 2.1.3). NMR spectrum of [Fe(H2Me2bpp)2] 

(C104)2.2H20 CCD3CN at 298 K, 6 in PPm) : 54.0 (2H. h3>5), 51.8 

(IH, h 4' or H4"), 48.8 (IH, H^' or H^"), 47.0 (2H, h3»5), 46.4 

(IH, h 4' or h 4"), 45.8 (IH, or H^"), 44.0 (6H, Me3'), 30.5 

(IH, h 3'), 29.6 (3H. MeS'), 28.8 (2H, h 3'), 26.2 (3H. Me^'), 26.2 
(IH, H^'), 11.8 (IH, H4), 9.8 (IH, H^), -16.5 (IH, CH2), -18.8 (IH, 
CH2), -26.0 (IH, CH2), -31.0 (IH, CH2), -47.0 (IH, CH2), -56.8 

(IH, CH2), -66.0 (IH, CH2), -76.0 (IH, CH2). 
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3.3 Results and Discussion 

3.3.1 Description of Structure 

3 . 3 . 1 . 1 Solid State by X-ray 

A perspective view of the discrete complex cation and the 
atom-labeling scheme are shown in Figure 3 . 1 . Figure 3.2 presents 
a view of the unit cell contents. Table 3,2 and Table 3.3 
contain the essential bond distances and the bond angles respec- 
tively. Positional and isotropic thermal parameters are listed in 
Table 3,4. The two perchlorate counterions exhibit some disorder , 
as is evident from the large anisotropic thermal parameters for 
the oxygen atoms listed in Table I (appendix). 

The six nitrogen atoms of the two H 2 Me 2 bpp ligands coordi- 
nate to the iron atom and form a distorted octahedron about it. 
The ligands adopt the mer configuration about the metal atom so 
that the complex cation has no overall symmetry. This kind of 
configuration, similar to many other related systems, 126 arise 
presumably because it leads to reduced interligand interactions. 
Gross distortions from octahedral symmetry are evident in the 
FeN 0 core geometry with Fe-N distances varying from 2,166(4) to 
2.277(4) I (Table 3.2) and angular deviations (Table 3.3). There 
are two types of heterocyclic nitrogen donor atoms ; four pyrazole 
nitrogens and two pyridine nitrogens. The two types of nitrogen 
atoms are associated with two different Fe-N bond distances: the 
pyrazole nitrogens are more closely bound, while the pyridine 
nitrogens are about 4% more distant. The Fe-N (pyridine) and Fe-N 
(pyrazole) bond distances are reasonable for Iron(II) in the 
high-spin electronic configuration and agrees well with earlier 
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Table 3.2; Selected Intramolecular Bond Lengths (A) for 
i Fe ( H 2 Me 2 bpp ) 2 ] ( CIO 4 ) 2 


Fe - N(1A) 2.277 (4) 
Fe - N(1C) 2.176 (4) 
Fe - N(1D) 2.207 (4) 


Fe - N(1B) 2.264 (4) 
Fe - N{ 1 E) 2.166 (4) 
Fe - N( 1 F) 2.169 (4) 


N(1B) - C(2B) 1.345 ( 6 ) 
N(1B) - C( 6 B) 1.335 ( 6 ) 
C(2B) - C(3B) 1.387 (7) 
C(3B) - C(4B) 1.357 ( 8 ) 
C(4B) - C(5B) 1.391 ( 8 ) 
C(5B) - C( 6 B) 1.385 (7) 
C(3) - C( 6 B) 1.492 (7) 

C(4) ” C(2B) 1.496 (7) 

C(3) - N(2E) 1.443 (7) 

C(4) - N(2F) 1.443 (7) 


N( 1 E) - N(2E) 1.351 ( 6 ) 
N(2E) - C(3E) 1.335 (7) 
N(1E) - C(5E) 1.339 (7) 
C(3E) - C(4E) 1.339 (9) 
C(4E) - C(5E) 1.379 ( 8 ) 
C(4F) - C(5F) 1.367 (7) 
N(1F) - N(2F) 1.364 (5) 
N(1F) - C(5F) 1.327 ( 6 ) 
N(2F) - C(3F) 1.331 ( 6 ) 
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Table 3.3: Selected Intramolecular Angles (deg) for 

CFe(H 2 Me 2 bpp) 2 ] (C104)2 


N(1A) - Fe - N(1C) 84.1 (1) 

N(1A) - Fe - N(1D) 85.8 (1) 

N(1A) - Fe - N(1B) 174.4 (1) 
Fe - N(1A) - C(2A) 121.8 (3) 
Fe - N(1A) - C(6A) 121.0 (3) 
Fe - N(1E) - N(2E) 121.1 (3) 
Fe - N(1E) - C(5E) 131.8 (4) 

N(1A) - C(2A) - C(3A) 122.6 (5) 
N(1A) - C(6A) - C(5A) 123.5 (5) 
CC3A) - C(4A) - C(5A) 118.7 (6) 
C(2A) - C(3A) - C(4A) 119.2 (6) 
C(2A) - N(1A) - C(6A) 116.9 (4) 
C(4A) - C(5A) - C(6A) 119.0 (6) 
N(1E) - N(2E) - C(3E) 110.0 (5) 
N(1E) - C(5E) - C(4E) 109.6 (6) 
N(2E) - C(3E) - C(4K) 108.5 (6) 
N(2E) - N(1E) - C(5E) 105.8 (6) 
C(3E) - C(4E) - C(5E) 106.1 (6) 
C(2A) - C(l) - H(2C) 113.2 (5) 
C(6A) - C(2) - N(2D) 113.2 (4) 


N(1B) - Fe - N(1E) 83.7 (2) 

N(1B) - Fe - N(1F) 85.1 (1) 

N(1E) - Fe - N(1F) 168.7 (2) 
Fe - N(1B) - C(2B) 119.7 (3) 

Fe - N(1B) - C(6B) 121.4 (3) 

Fe - N(1F) - N(2F) 119.6 (3) 

Fe - N(1F) - C(5F) 134.4 (3) 

N(1B) - C(6B) - C(5B) 122.4 (5) 

N(1B) - C(2B) - C(3B) 121.2 (5) 

C(3B) - C(4B) - C(5B) 118.0 (6) 

C(2B) - C(3B) - C(4B) 120.8 (6) 

C(2B) - N(1B) - C{6B) 118.5 (4) 

C(4B) - C(5B) - C(6B) 119.1 (6) 

N(1F) - N(2F) - C(3F) 111.0 (4) 

N(1F) - C(5F) - C(4F) 108.8 (5) 

N(2F) - C(3F) - C(4F) 106.1 (5) 

N(2F) - N(1F) - C(5F) 105.6 (4) 

C(3F) - C(4F) - C(5F) 108.5 (5) 

C(2B) - C(4) - N(2F) 115.1 (4) 
C(6B) - C(3) - N(2E) 114.0 (5) 
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Table 3 . 4 = Positional parameters and B(eq) for 
[ Fe ( H2Me2 bpp ) 2 3 ( CIO4 ) 2 


atom 

X 

y 

z 

B(eq) 

Fe 

0.20542(5) 

0.24540(5) 

0.43460(4) 

2.87(2) 

C1{1) 

-0.2268(1) 

0.7418(2) 

0.2090(1) 

7.4(1) 

Cl(2) 

-0.7158(1) 

0.7685(1) 

0.3965(1) 

6.39(8) 

0(11) 

-0.272(1) 

0.645(1) 

0.222(1) 

10.1(4) 

0(12) 

-0.212(1) 

0.785(1) 

0.149(1) 

9.8(5) 

0(13) 

-0.291(1) 

0.711(1) 

0.2490(8) 

6.4(4) 

0(14) 

-0.252(1) 

0.802(1) 

0.2649(8) 

12.0(4) 

0(15) 

-0.2867(8) 

0.7350(9) 

0.1341(6) 

9.2(3) 

0(16) 

-0.179(1) 

0.837(1) 

0.219(1) 

10.0(5) 

0(17) 

-0.1462(8) 

0.6884(8) 

0,2152(6) 

9.3(3) 

0(18) 

-0.290(2) 

0.799(2) 

0.163(1) 

6.9(6) 

0(19) 

-0.176(2) 

0.827(2) 

0.183(1) 

2.4(4) 

0(21) 

-0.769(2) 

0.867(2) 

0.406(1) 

8.7(6) 

0(22) 

-0.6512(8) 

0.6801(8) 

0.4219(6) 

5.6(3) 

0(23) 

-0,8005(4) 

0.7256(4) 

0.3620(3) 

7.8(1) 

0(24) 

-0.6964(7) 

0.8408(8) 

0.4487(6) 

8,4(3) 

0(25) 

-0.6625(4) 

0.7961(4) 

0.3379(3) 

7.6(1) 

0(26) 

-0.6719(7) 

0.7073(7) 

0.4537(5) 

9.3(3) 

0(27) 

-0.746(1) 

0.855(1) 

0.4348(8) 

3.9(3) 

0(28) 

-0.636(2) 

0.761(2) 

0.373(2) 

4.8(7) 

0(110) 

-0.133(1) 

0.712(1) 

0.262(1) 

7.2(5) 

0(111) 

-0.2797(9) 

0.766(1) 

0.2686(7) 

3.0(3) 

0(112) 

-0.301(2) 

0.674(2) 

0.152(2) 

11(1) 

0(113) 

-0.174(2) 

0.648(2) 

0.213(1) 

9.0(7) 

N(1A) 

0.3040(3) 

0.1438(3) 

0.5096(2) 

3.2(2) 

N(1B) 

0.1179(3) 

0.3583(3) 

0.3635(2) 

3.1(2) 

N(1C) 

0.3329(3) 

0.2778(3) 

0.3880(2) 

3.6(2) 

N(1D) 

0.0920(3) 

0.1931(3) 

0.4934(2) 

3.7(2) 

N(1E) 

0.2272(3) 

0.3634(3) 

0.5136(2) 

3.8(2) 

N(1F) 

0.1662(3) 

0.1479(3) 

0.3422(2) 

3.2(2) 

N(2C) 

0.4210(3) 

0.2713(3) 

0.4270(2) 

4.2(2) 

N(2D) 

0.1069(3) 

0.1061(3) 

0.5293(2) 

3.9(2) 

N(2E) 

0.2325(3) 

0.4579(3) 

0.4932(2) 

3.9(2) 

N(2P) 

0.0804(3) 

0.1596(3) 

0.2977(2) 

3.4(2) 

C(l) 

0.4328(4) 

0.2595(5) 

0.5057(3) 

4.6(3) 

C(2) 

0.1700(4) 

0.0343(4) 

0.5060(3) 

3.9(3) 

C(2A) 

0.3983(4) 

0.1628(4) 

0.5286(3) 

3.7(2) 

C(2B) 

0.0366(4) 

0.3313(4) 

0.3203(3) 

3.6(2) 

C(3) 

0.2298(4) 

0.4826(4) 

0.4172(3) 

4.3(3) 

C(3A) 

0.4604(4) 

0.0986(5) 

0.5692(3) 

5.1(3) 

C(3B) 

-0.0243(4) 

0.4001(4) 

0.2828(3) 

4.7(3) 

C(3C) 

0.4866(4) 

0.2772(5) 

0.3835(4) 

5.5( 3) 

C(3D) 

0.0536(4) 

0.1004(5) 

0.5824(3) 

5.0(3) 

C(3E) 

0.2375(4) 

0.5162(5) 

0.5516(4) 

5.2(3) 

C(3F) 

0.0733(4) 

0.1007(4) 

0.2399(3) 

4.1(3) 

C(4) 

0.0100(4) 

0.2253(4) 

0.3185(3) 

3.9(2) 

C(4A) 

0.4263(5) 

0.0104(5) 

0.5906(4) 

5.9(3) 

C(4B) 

-0.0039(4) 

0.4970(4) 

0.2890(3) 

5.2(3) 

C(4C) 

0.4415(5) 

0.2873(5) 

0.3139(4) 

6.0(3) 



Table 3.4 (contd.) 
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atom 

X 

y 

z 

B(eq) 

C(4D) 

0.0025(4) 

0.1826(5) 

0.5797(4) 

5.8(3) 

C(4E) 

0.2359(5) 

0.4603(5) 

0.6107(3) 

5.5(3) 

C{4F) 

0.1551(5) 

0.0500(4) 

0.2476(3) 

5.0(3) 

C(5A) 

0.3309(4) 

-0.0098(4) 

0.5715(3) 

4.9(3) 

C(5B) 

0.0803(5) 

0.5249(4) 

0.3334(3) 

4.8(3) 

C(5C) 

0.3454(4) 

0.2880(4) 

0.3181(3) 

4.4(3) 

C(5D) 

0.0274(4) 

0.2394(4) 

0.5249(3) 

4.4(2) 

C(5E) 

0.2294(4) 

0.3649(5) 

0.5861(3) 

4.7(3) 

C(5F) 

0.2118(4) 

0.0796(4) 

0.3105(3) 

3.5(2) 

C(6A) 

0.2730(4) 

0.0573(4) 

0.5303(3) 

3.6(2) 

C(6B) 

0.1397(4) 

0.4533(4) 

0.3689(3) 

3.4(2) 

C(6D) 

0.0592(6) 

0.0149(6) 

0.6333(5) 

8.6(4) 

C(6F) 

-0.0134(6) 

0.0974(7) 

0.1826(4) 

7.5(4) 

C(7D) 

-0.0103(5) 

0.3380(6) 

0.5016(5) 

7.2(4) 

C(7F) 

0.3099(5) 

0.0470(5) 

0.3402(4) 

5.8(3) 

H(3A) 

0.525(4) 

0.115(4) • 

0.582(3) 

8(2) 

H(3B) 

-0.081(3) 

0.384(3) 

0.255(2) 

4(1) 

H(3C) 

0.549(3) 

0.277(3) 

0.406(2) 

4(1) 

H(3E) 

0.247(3) 

0.581(3) 

0.546(2) 

3(1) 

H(4A) 

0.461(4) 

-0.031(4) 

0.623(3) 

6(1) 

H( 4B) 

-0.045(3) 

0.548(3) 

0.270(2) 

4(1) 

H( 4C) 

0.465(3) 

0.292(4) 

0.272(2) 

5(1 ) 

H(4D) 

-0.034(4) 

0.197(4) 

0.609(3) 

6(1) 

H(4E) 

0.238(3) 

0.470(3) 

0.657(3) 

5(1) 

H{4F) 

0.165(3) 

0.009(3) 

0.224(2) 

2(1) 

H(5A) 

0.305(3) 

-0.076(4) 

0.582(3) 

6(1) 

H(5B) 

0.101(3) 

0.586(4) 

0.336(3) 

5(1) 

H(5C) 

0.294(3) 

0.285(3) 

0.280(3) 

5(1) 

H(5E) 

0.227(3) 

0.299(3) 

0.610(2) 

4(1) 

H(6DA) 

0.013(4) 

0.020(4) 

0.660(3) 

8(2) 

H(6DB) 

0.0428 

-0.0453 

0.6054 

9.8 

H(6FA) 

-0.025(4) 

0.152(4) 

0.169(3) 

7(2) 

H(6DC) 

0.1224 

0.0014 

0.6634 

8.5 

H(6FB) 

0.005(4) 

0.057(4) 

0.151(3) 

8(2) 

H(6FC) 

-0.067(4) 

0.072(5) 

0.204(3) 

9(2) 

H(7DA) 

0.0322 

0.3890 

0.5099 

8 . 6 

H(7DB) 

-0.040(4) 

0.340(4) 

0.459(3) 

9(2) 

H(7FA) 

0.3195 

0.0294 

0.3854 

7.1 

H(7?C) 

-0.057(4) 

0.358(4) 

0.522(3) 

6(2) 

H(7FB) 

0.330(3) 

0.001(3) 

0.319(2) 

4(1) 

H(7FC) 

0.3614 

0.0972 

0.3418 

9.9 

H(ll) 

0.495(3) 

0.266(3) 

0.523(2) 

4(1) 

H(12) 

0.406(3) 

0.310(3) 

0.531(2) 

5(1) 

H{21) 

0.153(3) 

-0.032(3) 

0,523(2) 

4(1) 

H(22) 

0.158(3) 

0.024(3) 

0.453(3) 

4(1) 

H(31) 

0.233(3) 

0.547(3) 

0,419(2) 

4(1) 

H(32) 

0.282(3) 

0.459(3) 

0.401(2) 

4(1) 

H(41} 

-0,048(3) 

0.214(4) 

0.291(3) 

5(1) 

H(42} 

-0.002(3) 

0.206(4) 

0.369(3) 

5(1 ) 
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results for six-coordinate iron (II) complexes with heteroaromatic 
nitrogen atoms (see below). It has previously been observed that 
the donor atom of the f ive-membered heterocycle is closer to the 
metal atom than that of the six-membered in a mixed chelate 
ligand. 166, 187 Comparison with the complexes of ill-(pyridin- 2 -yl)- 
3 , 5 -dimethylpyra 2 olel 66 is particularly relevant since in these 
and in [Fe(H 2 Me 2 bpp) 2 ] (€ 104 ) 2 . 2 H 2 O there is a methyl group 
adjacent to the donor atom of the f ive-membered heterocycle. 
Despite the barrier to coordination expected from this group, 
the metal-donor atom distance is relatively short and the effect 
is most marked in the present complex where the average difference 
(Fe-Npy;cidine)“f®’®“%yra 2 ole) is 0.091 A. The shortness of the 
Fe-Npy;^aaole bond is consistent with the fact that the metal atom 
is out of the plane of the pyridinyl ring (Table 3.3). Of 
particular interest are the iron-pyridine bond lengths, which 
range from 2.264(4) to 2.277(4) The average Fe-Npy^idine bond 
distance encountered here is the longest observed for high-spin 
six-coordinate heteroaromatic nitrogen donors (Table 3.5). 

The pyridine and pyrasole rings are each planar to within 
0.006 i and 0.002 & respectively. The two pyridine ring meanplanes 
are tilted to each other at an angle of 26.98°. The two pyrasole 
meanplanes of each ligand make an angle of 60.40° and 68.45° to 
each other. The pyridine meanplane is tilted to adjacent pyrasole 
rings within a ligand at angles of 59.60° and 49.27° and 59.20° 
and 58.70°. Thus the six-membered chelate rings exist in boat 
conformations. A similar chelate ring conformation was observed 
in the X-ray structure of [Ni(H 4 bpp) 2 ](G 104 ) 2 . 


Table 3.5: Comparison of and Fe-Npyj-agole Distances 

in Mononuclear High-Spin FellNg Complexes 
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r!riTr»*n 1 

av Fe-N 

dist, A 

ref 

Fe-Npyj-idine 

Fe-Npyrazole 

Fe(H 2 Me 2 bpp) 22 + ( 2 ) 

2.271 

2.180 

this 

work 

Fe( pyridine ) 02 + 

2.258 


188 

Fe ( pyridine ) 4 ( NCS ) 2 

2.255 


189 

FeCHB( 3 -Php 2 ) 3]2 


2.246 

127 

Fe[HB(3,5-Me2P2)332 


2.172 

190 

Fe( 2 -Mephen) 32 + 

2.237 

(2.208) 


191 

Fe ( a-picolylamine ) 2+ 
(bromide saltj 215 K) 

2.223 


192 

Fe( 6 -Mebpy) 32 + 

2.209 


125 

Fe ( a-picolylamine ) 32 "^ 
(methanol solvate) 

2.210 


193 

Fe(4mpt)32+ 

[4mpt = ^-methyl-B- 
(pyridin- 2 -yl)thiazole] 

2.199 


187 

FeL 32 + 

[L = H.^-(pyridin- 2 - 
yl ) -3 , S-dimethylpyrazole] 

2.064 

1.984 

186 
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3. 3. 1.2 Solution State by Ig h mp 

Solution structure of [Fe(H2Me2bpp)232+ has been examined 
using NMR spectroscopy . An immediate question is whether or not 
the solid-state structure in Figure 3.1 is retained in solution. 

Analysis of the spectra of CFe(H4bpp)2]2+ and [Fe{Me4bpp)232+ 
in CD3CN has been given earlier (Chapter 2 , Section 2 . 4. 1.2). The 
spectrum of CFe(H 2 Me 2 bpp) 23 (0104)2 CD3CN is shown in Figure 3.3 
Assignments of the resonances are made by a combination of the 
expected behavior for paramagnetically shifted resonances , , 141 
integrated area ratios and comparison with the spectra of 
[Fe(R 4 bpp) 23 ^'^ (R = H, Me). As the symmetry of the complex, 
[Fe(H 2 Me 2 bpp) 23 ^’'’ is very low (vide X-ray structure) due to the 
presence of unsymmetrical nature of H2Me2bpp, almost all the 
protons are expected to be magnetically non-equivalent. A large 
number of peaks are observed (Figure 3 . 3 ) justifying our expecta- 
tion. The eight upfield resonances out of which four are very 
broad are assigned to axial and equitorial protons of the four 
methylene groups. Thus these two protons present in both arms of 
each ligand are not interconverting on the NMR time scale, 
otherwise a singlet would have resulted for each methylene group. 
3.4 Concluding Bemaurks 

(i) A fairly distorted octahedral coordination is observed 
for £Fe(H2Me2bpp)23(C104)2 from single crystal X-ray analysis. 
This is arising out of the steric crowding of the methyl group 
substituents near the donor site. The average Fe-N( pyridine) bond 
length for this complex is the longest among the known iron (II) 
complexes with FeN0 coordination. 

(ii) The solid-state structure is retained in solution as is 




ngure 3.3 400 MHz 'h NMR spectrum ot [re(H.Me.bpp),](c,o.) 
300 K (solvent peak marked by S) 



CHAPTER 4- 


Magne'bic and Mossbauer Spectroscopic Characterization of 
Singlet ^=- Quintet Transition in a Six-Coordinate Iron(II) 
Complex of a Tridentate PFridjrlpyrazole Ligand. 
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In Chapter 2 it has been shown that 2 , 6 -bis(pyrazol-l-yl— 
methyl) pyridine, H4bpp, and its methyl substituted derivatives, 
H2Me2bpP and Me4bpp, form bis chelates with iron(II) (S. = 2 ) and 
nickel(II) (£. = 1 ) producing ligand fields in the range expected'^S 
to exhibit spin -transition in the iron(II) complexes. The profound 
changes in- the absorption spectral and electrochemical proper- 
ties of the iron(II) ion, [Fe(H4bpp)2]^''’ , on the introduction of 
methyl groups in the other two ligands are associated with the 
steric effects of these methyl groups which are adjacent to 
donor atoms. These effects are manifested by the steric barrier 
to the close approach of the metal atom to the donor atoms which 
causes an effective reduction in the field strength experienced 
by the metal and distortions in the coordination octahedron. 

In this chapter we describe the characterisation of a novel 
iron(II) system [Fe (H4bpp) 23 (0104)2 .H2O exhibiting spin transi- 
tion in the solid-state from variable temperature ( 8-300 K) mag- 
netic susceptibility and ^"^-Fe Mossbauer spectral measurements. 

A relatively large- variety of systems exhibiting spin- 
transition have been found in the class of six-coordinate 
iron(ll) complexes^® » with heterocyclic nitrogen 
donor atoms and oc-diimine ligands. It is worth noting that the 
first example of an iron(II)f spin crossover system was discovered 
by Madeja and Konig204 in 1963. A selected listing of iron(II) 
complexes having Fel^H© cocfirdination sphere which exhibit spin 
equilibria is compiled in Table 4.1. 
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Table 4.1: Selected Six Coordinate Iron (II) Complexes Exhibiting 
Spin Equi libra 


Compounds 


Comments 


References 


[Fe(phen)2(NCX)2] 
(X = S or Se) 
(phen = phenan th- 
ro line) 


Both the compounds are high spin 
at room temperature and low spin 
at 77 K, with of 174 K (for 
X=S) and 232 K (for X=Se) 


205 


[Fe(HBP23)2] 
{HBPz 3 = hydro- 
tris ( l-pyrazolyl ) 
borate} 


Complexes with high spin, low spin 206 
and intermediate spin produced by 
appropiate substitution; charact- 
erization in solution by optical 
spectra, susceptibility data and 
NMR experiments 


[Fe(6Mepy)(py)2- 

tren](PF6)2 

{ ( 6 Mepy ) ( py ) 2 tren 
= 4-(6-methylpyri- 
dyl )bis ( 2 -pyridyl ) 
-3-aza-3 -buteny 1 
amine} 


Tunning of ligand field strength 
by substitution near donor site; 
spin equilibrium in the solid 
state as well as in solution 
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[Fe(paptH)23X2 A detail study of Mossbauer spec- 207 

(X = NO 3 ”, C 104 “) troscopy with = 34 K 

{paptH = 2-(2-pyr- 

idylamino ) -4- ( 2- 

pyridyl ) thiazole} 


CFe{(py)imH }33 

(BPh4)2 

{(py)imH = 2-(2- 
pyrldyl ) imidazole} 


Spin equilibrium in solution by 
variable temperature magnetic 
and electronic spectral studies; 
determination of forward and 
reverse rate constants by Laser 
Raman temperature- jump kinetics 


208 


[Fe(tpen)3(C104)2 
{tpen = N,N,N',N'- 
te tr a ( 2 -py r i dy 1 - 
methyl ) - 1 , 2 -ethane 
diamine} 


Correlation of molecular and 
electronic structure of iron (II) 
complex to their nickel (II) and 
cobalt(II) analogs in solution; 
characterization in solution by 
13c NMR, magnetic measurement 
and electronic spectra 


120 
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Table 4.1 (contd.) 


Compounds 


Comments 


References 


[Fe(bpen)(NCS)2] 
{bpen = N,N'-bis- 
( 2-pyridyimethyl ) - 
1 , 2-ethanediamine} 


Dependence of ligand field 
strength with chelate ring size; 
magnetic and infrared mtasure- 
ments for characterization 
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[Fe(tpa) (NCS )23 Variable temperature magnetic 

{tpa = tris(2-pyr- susceptibility measurements and 

idylmethyl) amine} infrared spectra characterize 

^T2?=-^Ai equilibrium 


121 


[Fe(bi)3](C104)2 
{bi = 2,2'-bi-2- 
imidazoline} 


Variable temperature Mossbauer 
and X-ray powder diffraction 
measurements ; an order-disorder 
transition of CIO4 anion 


209 


CFe(AMP)3] (0104)2 
{AMP = 2 - (amino- 
methyl ) pyridine } 


Temperature dependence of magn- 
etic moment, EPR and absorption 
spectra in solution describe 
spin equilibrium; calculations 
of thermodynamic parameters , 

All and AS. 


210 , 

211 


[Fe(2-pea)33 (0104)2 Transition temperature (!<>) at 210 

{ 2 -pea = 2 -( 2 -pyr- 90 K 

idylmethyl ) ethyl- 
amine} 


[Fe(bztpy)2] (0104)2- 
CHCI3 

{bztpy = 2,6-bis- 
( benzothlazol-2 ' - 
yl) pyridine} 


Variable temperature magnetism 
and electronic spectral charac- 
terization; calculation of AE 
and A E 


203 


£Fe(sar)] 2 + Spin-equilibrium in solution; 212 

{sar = 3 , 6 , 10 , 13 , characterized by magnetism, 

16 , 19 -hexaazabicy- visible and^H NMR spectra 

clot 6,6,6} icosane } 
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Table 4.1 (contd.) 


Compounds 


Comments 


References 


[Fe(ppz)3](BF4)2. 

H 2 O 

{ppz = (pyridine- 
2-yl ) -3 , 5-diineth- 
ylpyrazole} 

Single crystal X-ray diffraction 
at two temperatures, variable 
temperature MSssbauer and magne- 
tism determine spin equilibrium 

187 

[Fe(2bt)33(BF4)2 
{2bt = 2,2'-bi- 
thiazole} 

Characterization by magnetic and 
Mdssbauer measurements ; single 
crystal X-ray diffraction of nickel 
analog 

213 

[Fe(pyq)3](BF4)2 
{pyq = 2-(pyridi- 
ne-2-yl ) quinoline} 

Steric crowding near donor site; 
characterization of spin equili- 
brium both in solid and solution 

196 

[Fe(btr) 2 (NCX )2 
(X = S or Se) 

{btr = 4,4'-bi- 
1,2, 4-triazole} 

Variable temperature EPR and NMR 
studies; single crystal X-ray of 

NCSe complex 

195 
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4 . 1 Experimental Section 

4.1.1 Solvents and reagents 

Details of solvent purification are already discussed in 
Chapter 2 ( Section 2.1.1). 

4 . 1.2 Measurements 

Variable-temperature magnetic susceptibility measurements 
were made on powdered samples over the temperature range 8.0 < T. 
< 300 K by the Faraday method. Details are given in Chapter 2 
(Section 2.1.2). Effective magnetic moments were calculated from 
Meff = 2.828 [ Xm T]^, where Xm is the corrected molar suscepti- 
bility. The diamagnetic contributions were calculated by using 
valuesl34 of -239 x lO'^ cm^ mol"! for [Fe(H 4 bpp) 2 ](C 104 ) 2 .H 20 
and -400 x 10-6 cm3 mol-l for [Fe(Me 4 bpp) 23 (€ 104 ) 2 • 2 H 2 O. All 
measurements were made at a fixed field strength and field 
dependence of the magnetic susceptibility was not studied. The 
magnetic susceptibility data, corrected for diamagnetism, are 

M 

listed in Tables 4.2 and 4.3. 

For 67Fe Mdssbauer spectroscopy, T-ray resonance spectra 
were obtained in the laboratory of Dr. A. K. Nigam, Low-Tempera- 
ture Physics Group, TIFR, India by using a standard, constant- 
acceleration spectrometer calibrated with metallic iron at room 
temperature. All isomer shifts are reported with respect to the 
room-temperature Fe(0) transmission spectrum. The observed 
spectra were computer-fitted to Lorentzian lines employing a 
least-squares minimization technique. 
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4.2 Syntheses of Compounds 

Details of preparation of compounds are given in Chapter 2 
(Section 2 . 3 ). 

4.3 Results and Discussion 

4 . 3.1 Evidence for Spin— State Transition 

4 . 3 . 1.1 Magnetic Susceptibility and Thermodynamic Considerations 
Our interest in the examination of the behavior of the 

spin-state of these complexes as a function of temperature stems 
from two experimental facts: (i) The room-temperature magnetic 
moments of these bis (ligand) complexes with Fe^^Ng coordination 
sphere correspond to high-spin configuration (Chapter 2 ) which 
is not very common for this coordination sphere, (ii) The ligand 
H4bpp provides a field about iron(II) close to the critical value 
at the singlet/quintet crossover, as is suggested by the spectral 
data for this complex as well as from the data on related 
nickel (II) complex (Chapter 2 ). Hence the magnetic susceptibility 
studies on two extreme members CFe(H4bpp)2] (C104)2.H20 and 
[Fe(Me4bpp)23 (0104)2- 2H2O were investigated in the temperature 
range 8-300 K (Table 4.2 and Table 4 . 3 ). The magnetic properties 
are shown in Figures 4.1 and 4.2 in the form of Ueff ^ 
l/Xy vs. 31 respectively . 

The magnetic properties of [Fe(H4bpp)23 (0104)2 .H2O are 
indicative of the occurrence of a temperature-induced singlet 
quintet transition in the cation. The moments at high temperature 
are normal for iron(II) in the quintet ^’^2 state (for convenience, 
the designation of overall octahedral symmetry is used throughout, 
although the actual symmetry of the coordination polyhedron is 
lower- than that). At low temperatures CFe(H4bpp)23 (0104)2. H2O 
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Table 4.2: Variable Temperature Magnetic Susceptibility Data for 
[Fe(H4bpp)2](C104)2.H20 


T(K) 


^ett 

T(K) 


Meff 

8.8 

5.087x10-3 

0.60 

90.0 

7.654x10-4 

0.74 

11.8 

3.734x10-3 

0.59 

110.0 

7.467x10-4 

0.81 

15.0 

2.870x10-3 

0.59 

130.0 

5.963x10-4 

0.79 

20.0 

2.419x10-3 

0.62 

140.0 

3.521x10-4 

0.63 

25.0 

1.883x10-3 

0.61 

150.0 

6.715x10-4 

0.90 

30.0 

1.273x10-3 

0.55 

170.0 

1.912x10-3 

1.61 

35.0 

7.467x10-4 

0.46 

180.0 

3.020x10-3 

2.09 

45.0 

7.091x10-4 

0.51 

200.0 

4.899x10-3 

2.80 

50.0 

8.782x10-4 

0.59 

220.0 

6.440x10-3 

3.37 

60.0 

8.406x10-4 

0.64 

240.0 

7.680x10-3 

3.84 

65.0 

8.030x10-4 

0.65 

260.0 

8.657x10-3 

4.26 

70.0 

8.030x10-4 

0.67 

280.0 

9.296x10-3 

4.57 

75.0 

7.654x10-4 

0.68 

300.0 

9.620x10-3 

4.87 

80.0 

7.654x10-4 

0.70 
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Table 4.3: 

Variable Temperature Magnetic Susceptibility 

[Fe(Me4bpp)2](C104)2.2H20 

Data for 

T(K) 

Xm 

Meff 

T(K) 

Xjj 

;j-eff 

8.8 

0.3929 

5.26 

100.0 

0.0346 

5.27 

11.8 

0.3015 

6.34 

120.0 

0.0292 

5.30 

16.0 

0.2284 

5.24 

140.0 

0.0250 

5.29 

20.0 

0.1806 

5.38 

160.0 

0.0217 

5.27 

30.0 

0.1235 

6.45 

180.0 

0.0192 

5.26 

40.0 

0.0928 

5.45 

220.0 

0.0157 

5.26 

50.0 

0.0651 

5.11 

240.0 

0.0144 

5.25 

70.0 

0.0502 

5.30 

280.0 

0.0123 

5.24 

90.0 

0.0388 

5.29 

300.0 

0.0112 

5.19 




■/ 


L32 




has very low magnetic moments which are typical for the metal ion 
in the singlet state. As the temperature is increased the 
moment gradually increases and this is indicative of an increased 
population of quintet state species. The behavior of this complex 
is more or less normal for a system displaying a continuous 
transition over a fairly broad range of temperature. Within the 
experimental temperature range the transition is almost complete. 

As is apparent from Figure 4.2, CFe(Me 4 bpp) 2 ] ( 0104 ) 2 • 2 H 2 O 
follows the Curie-Weiss behavior from room temperature to 8.8 K. 
The Curie constant is in good agreement with that for a S. = 2 

ground state (C. = 3 when g = 2)214 with a Curie-Weiss temperature 
of -1.45 K. Thus no spin pairing was observed in [Fe(Me 4 bpp) 2 ] 
( 0104 ) 2 .21120 even at the lowest limit of the experimental 
temperature range. The methyl group adjacent to the pyraaole 
nitrogen atom apparently interferes with the close approach to 
the metal atom necessary for spin pairing. 

An attempt to evaluate enthalpy and entropy changes for the 
spin transition of [Fe(H 4 bpp) 2 ]( 0104 ) 2 -1120 (Equation 4.1) was 

CFe(H 4 ^bpp) 2 ] 2 ''‘ (^Ai, Is) v==- C 5 ‘e(H 4 bpp) 2 ] 2 ’^ (^T 2 , hs) (4.1) 

made using the following equations!!®* 120 whereby equilibrium 

m(hs) = (Xm -Xis)/('Xhs "^Is) (4.2) 

la(ls) = (Xhs “^M^/f^hs “^Is) (4.3) 

constants, Keq = Bi(hs)/ni(ls) are calculated from the relative 
concentrations of the high- and low-spin forms present at any 
temperature. Here zn is the mole fraction of the spin isomer, 
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is "the experiiDential molar susceptibility at a given temperature, 
while Xhs ^Is the corrected molar susceptibilities of 

the pure high— spin and pure low-spin components , respectively . 
The pure high-spin data was evaluated from the data for 
CFe(Me 4 bpp) 2 ] ( 0104)2 - 2 H 2 O bhe corresponding temperatures and 

the pure low-spin data was determined for CFe(H 4 bpp) 23 (C 104 ) 2 .H 20 
from the low temperature data (Table 4.4). Figure 4.3 gives a 
linear plot of InKeq vs l/T in the temperature range 170-300 K. 
The plot reveals a marked curvature below 170 K. It is well known 
that this spin transition is a cooperative one in most Fe(II) 
systems and cannot be fitted solely by the kind of simple ther- 
modynamic model we have chosen here. Nevertheless, it is possible 
to extract some information of the thermodynamic parameters. The 
derived /lE and AS. values are 3.10 kcal mol“l and 13.38 eu respec- 
tively. These thermodynamic parameters are similar to those found 
for other spin equilibria systems of iron( II ). H®* 120, 211,215-217 
The source of the AE is the Fe-N bond length increase, ^0 of 
the order of 0.15-0.20 A, which accompanies the transition from 
low- to high-spin, i.e., reorganization of the inner coordination 
sphere. The entropy term for a simple spin equilibrium between 
singlet and quintet levels would be only 3.2 eu due to the spin 
multiplicity change (E ln5 = 3 . 2 ). 11 ®* 206,211 The value of AS in 
excess of that predicted for a change in spin only is a feature 
of most of the examples of spin equilibria in octahedral iron(II) 
systems so far described . This could be accounted for in 
terms of a temperature dependence of the effective crystal field 

ff^nd on the different vibrational frequencies in the high-spin and 

I 


135 


Table 4.4: Mole fractions of Hi^-spin and Low-spin part, and Equilibrium 
Ctonstant for [Fe(H4bpp)23(C104)2.H20 


T(K) 

103/T 

103xXm 

X-hs 

m(hs) 

m(ls) 

Keq 

InKeq 

300 

3.33 

9.62 

0.0112 

0.8543 

0.1457 

5.8634 

1.769 

280 

3.57 

9.30 

0.0123 

0.7486 

0.2514 

2.9777 

1.091 

260 

3.85 

8.66 

0.0134 

0.6389 

0.3611 

1.7693 

0.571 

240 

4.17 

7.68 

0.0144 

0.5216 

0.4784 

1.0903 

0.086 

220 

4.55 

6.44 

0.0157 

0.3967 

0.6033 

0.6576 

-0.419 

200 

6.00 

4.90 

0.0175 

0.2659 

0.7341 

0.3622 

-1.016 

180 

5.55 

3.02 

0.0192 

0.1415 

0.8584 

0.1648' 

-1.803 

170 

5.88 

1.91 

0.0205 

0.0776 

0.9224 

0.0841 

-2.475 

160 

6.67 

0.67 

0.0234 

0.0139 

0.9861 

0.0141 

-4.262 





Figure 4.3 Plot of the variation of In K«, against T for the spin -state 
equilibrium of pre(H4bpp)23(CI04)2.H20 
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low-spin states. 

4 . 3 . 1.2 MSssbauer Spectral Effect 

The origin of the temperature dependence of the magnetism of 
[Fe(H 4 bpp) 2 ] ( 0104 ) 2 •H 2 O is clearly revealed by MSssbauer spectral 
data. The Mdssbauer spectral data (Table 4,5), like the magnetic, 
show the temperature- induced change in ground state for 
[Fe(H 4 bpp) 2 ](C 104 ) 2 .H 20 . Figure 4.4 shows three typical spectra, 
i.e. those collected at 80, 200, and 300 K. With increasing 
temperature, the ®T 2 state gains intensity, while the intensity 
of the ^Ai state simultaneously decreases. At 300 K, the 
contribution of the ^^2 state is clearly predominant. At 80 K, 
the contribution of quintet state species has disappeared and the 
spectrum shows a doublet with small quadrupole splitting 
characteristic of the ^Ai state. The spectrum at 200 K reveals a 
superposition of separate spectra due to singlet and quintet 
state species . 

The complex C Fe(Me 4 bpp) 2 3 ( 0104 ) 2 . 2 H 2 O Mdssbauer spectral 
behavior at 300 K (Figure 4.5) characteristic of a purely high- 
spin state. The isomer shift and quadrupole splitting observed 
for the singlet and quintet state species in the spectra of 
[Fe(H 4 bpp) 23 (C 104 ) 2 .H 20 and CFe(Me 4 bpp) 23 (C 104 ) 2 . 2 H 20 are compar- 
able with that of the high-spin and low-spin complexes of related 
systems . 43 

4 . 3 . 1 . 3 d-d TransitiozLS 

The ligand field strengths of H 4 bpp, H 2 Me 2 bpp, and Me 4 bpp 
ligands toward six-coordinate iron(II) were determined from 
(their 5^2 > transitions (Chapter 2). Interestingly, 
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Table 4.5: Mossbauer Data for Iron(II) Systems 


Complexes 

Temperature 

Spin-state 

6 , mm s“^ 

AEq. mm s~l 

[Fe(H4bpp)2] 

300 K 

Csl 

0.98 

1.92 

(C104)2.H20 






200 K 

6t2 

0.71 

2.42 



lAi 

0.50 

0.37 


80 K 

lAi 

0.63 

0.39 

[Fe(Me4bpp)2] 

300 K 

5t2 

1.07 

2.85 


(C104)2.2H20 


Transmission 



Figure •4.4 ”Fe MSssbouer specfra of [Fe(H 4 bpp)a](CI 04 )a.HjO of 
60. 200. ond 300 K. 
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CFe(H4bpp)232+ exhibits an additional absorption at 543 nm of low 
intensity and a band at 415 nm with a shoulder at 368 nm. The 
shoulder is due to the metal-to-ligand charge -transfer (MLCT) 
transition (Chapter 2, Section 2. 4. 1.3). Due to the high energy 
and the intensity of the band at 543 nm, we tentatively assign 

this band to the spin-allowed > transition. 43 The 

band at 415 nm is probably due to43 the transition >^T 2 . 

The observed high intensity of this band could arise due to 
intensity stealing from the MLCT band at 368 nm. The feature 
observed at -“400 nm is closely similar to a related spin equili- 
brium system. 

4 . 4 Concludixzg Remarks 

It follows from the temperature dependence of the magnetic 
susceptibility for CFe(H 4 bpp) 23 (C 104 ) 2 .H 20 that the ligand field 
arising from the two tridentate ligands is such that the 
difference between the two spin states of the iron(II) ion is of 
the order of k3L and that the population of the states in question 
can be altered by changes in temperature. This has been 
substantiated by the MiSasbauer results. 

The present investigation provides a clear indication of the 
existence of a spin-state transition for the complex CFe(H 4 bpp) 2 ] 
(C 104 > 2 .H 20 . In contrast, methyl group substituents in the 3- 
positions of the pyrasole rings in the Me 4 bpp ligand give rise to 
a much weaker ligand field to exhibit a high-spin configuration 
over the accessible tenders ture range. Thus the field strength of 
this ligand towards ffeCII) is such that it is unable to cause 
spin pairing even at the lowest tenflperature attained in this 
study. 



CHAPTER 5 


New Triply Bridged Diiron(III) Complexes with CFe2(M-0)(uL-X)2]^'‘’ 
Cores {X = MeC02, PhC02 or (Ph0)2P02}* 


*A part of this work has been accepted for publication in 
J. Chem. Soc. Dalton Trans. 1992, in press. 
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We have seen in the last three chapters the use of a group 
of three tridentate pyridylpyrazole ligands to address the 
problem of steric/electronic effects on the metal-ligand orbital 
interactions. In the present chapter we explore a very different 
use of two tridentate pyridine-rich ligands IV-V. 


R 



R = H : HL (IV) 

R = Me : MeL (V) 

Heroerythrin, a marine invertebrate respiratory protein 
is a prototypical of an emerging class of oxo-bridged non-heme 
iron proteins and enzymes, »218~222 including ribo- 
nucleotide reductase, purple acid phosphatases, methane mono- 
oxygenase and rubrery thrin , To understand the chemistry of the 
assembly and function of these metalloproteins a large number of 
tribrldged223-238 models have been synthesized by using a 
variety of tridentate H-based ligands. Selected triply-bridged 
diiron(lll) complexes having [Fe 2 (U- 0 ) (ul- 02CR)2]^”’’ core with 
various terminal capping ligands have been compiled in Table 5.1. 

Herein we describe the syntheses of a group of three triply 
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Table 6.1: Selected Oxo-Bridged Diiron(III) Complexes having 
[Fe2(M-0)(jn-02CR)232+ Core 


Terminal Ligands 


Comments 


References 


Hydrotris(l-pyra- Syntheses and X-ray structures 223-226, 

zolyl) borate(-) of (ja.-oxo/hydroxo)bis(jji-acetato) , 251 

(HBpz3) (^i-oxo)bis(ix-formato) , (jm-oxo) 

bis(jJL~benzoato) , (M-oxo)bis()u.~ 
diphenylphosphato ) bridged dimers; 
electronic spectra. Resonance 
Raman and FTIR spectra, EXAFS, 

NMR and Mossbauer spectra, magne- 
tic susceptibility (antiferro- 
magnetism), cyclic voltammetry; 
acetate bridge exchange reactions 


1,4,7 triazacyclo- 
nonane (TACN) 
and 

N,N',N"-trimthyl- 
1,4,7 triazacyclo- 
nonane ( MTACN ) 


Syntheses and X-ray structures 229-232 

of oxo-bridged diiron(III) core 
with additional acetate, carbo- 
nate, chromate, phosphate bridges; 

EXAFS, IR and Resonance Raman 
spectra, electronic spectra, 
magnetic susceptibility (anti- 
ferromagnetism) , MSssbauer 
spectra, electrochemistry 


Tris ( imidazol-2- 
yl)phosphine (TIP) 
and its N-methyl 
analogue ( 'miP) 


Syntheses and X-ray structures of 
( juL-oxo/hydroxo ) bi s ( jui-ace ta to ) di - 
iron(III) core; detailed NMR 
studies, IR and electronic 
spectra, magnetic susceptibility 
(antiferromagnetisffi) , Mossbauer 
spectra 


25,26 


Bis(benzimidazol- 
y Imethyl ) amine 
(BBA) and its 
methyl derivative 


NMR, IR, and electronic 
spectra, variable temperature 
magnetic susceptibility. 

X-ray structures 


22,23 
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Table 6.1 ( contd , ) 


Terminal ligands 

Comments 

References 

Trls(2-pyrldyl- 
inethyl) amine 
(TPA) 
and 

Bls(2-pyrldyl- 
methyl ) amine 
(BPA) 

Syntheses and structures of 
dl- and trlbrldged core with 
)i~oxo and additional u-acetato, 
jjL-carbonato , u-maleato , 
M-phthalato and u-phosphato 
bridges; electronic spectra. 
Resonance Raman, NMR and 

Mbssbauer spectra, magnetic 
susceptibility; distinct 

Iron sites 

239-241 

N,N.N',N'-tetra- 
kls ( 2-pyrldylme- 
thyl) -1 , 2-but,ane- 
dlamlne (TPBH) 

Dimer of dimer; X-ray structure, 
IR, Mossbauer, and electronic 
spectra, variable temperature 
magnetic susceptibility 

234 

1,4-Bls(l,4,7- 
trlaaa-l-cyclo- 
nonyl) butane 
(BTCB) 

X-ray structure; dimer of 
dimer; IR and electronic 
spectra 

237,238 

2,2' -Blpyrldlne 
(BPY) and 01“ 

X-ray structure of (jjl-oxo) 
bis ( n- ace tato)di iron core; 
labile sites; magnetic 
susceptibility, Mossbauer 
spectra; hydroxylation of 
hydrocarbon using this core 

242 

Bls(l-methyl- 
lmlda 2 ol- 2 -yl ) - 
phenylmethoxy- 
me thane ( BlPhHe ) 

X-ray structure; open coord- 
ination sites ; electronic 

IR, Resonance Raman, NMR and 
Mossbauer spectra; synthesis 
and spectroscopic characteri- 
zation of diferrus core 

243,244 


I 
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bridged diiron(III) complexes with CFe 2 (»i- 0 ) (u-X) 23 ^'^ cores {X = 
MeC02, PhC02 or (Ph0)2P02} using facially capping tridentate amine 
ligands HL (IV) and MeL (V). The reasons for choosing these two 
ligands are as follows. A very interesting point to note is that 
the majority of tridentate nitrogenous capping ligands thus far 
used 2 ®» 27, 103 tribridged core formation give rise to 

Fe(III)/Fe(II) mononuclear complexes either of low-spin type or 
of spin-equilibria variety. Size of chelate rings in the result- 
ing complex offers a possibility for variation in the ligand 
field strength. Specifically, expansion of one chelate ring from 
five- to six-membered has been shown to result^^l , 122 ±xi a 
decrease in the ligand field strength. Nelson and coworkers^S 
reported that iron(II) bis-ligand complex of bis( 2 -pyridylmethyl)- 
amine (BPA) is low-spin, while the corresponding iron(II) complex 
with N-methyl derivative of BPA is high-spin. Thus our ligands 
(HL and MeL) are expected to behave as weak field ligands. In 
this background we became interested to examine the properties of 
tribridged core using HL and MeL as capping ligands capable of 
providing unsymmetrical chelate rings . . 

These new diiron(III) complexes have been characterized by 
elemental analyses, solution electrical conductivity, spectral 
(IR, UV/VIS, Mdssbauer, and NMR) and magnetic susceptibility 
measurements . The results of our investigation on acetate 
bridge-exchange reactions of CFe2(u-0) (>Ji-CH3C02)2(MeL)23^'*' (i) 

with CD3CO2D producing CFe2(M.-0)()UL-CD3C02)2(MeL)23^'*’ and (ii) with 
(Ph0)2P02H producing [Fe2(*x-0){»jL-(PhO)2P02}2(MeL)23^'’’ have also 
been described in this chapter. 
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5 . 1 Experlmen'bal Section 

5.1.1 Solvents and Reagents 

Solvents and reagents were obtained from commercial sources 
and used without further purification unless otherwise stated. 
Details of solvent purification are already discussed in Chapter 2 
( Section 2 . 1 . 1 ). 

5.1.2 Measurements 

Details of spectroscopic measurements are given in Chapter 2 
(Section 2.1.2) . 

Variable-temperature magnetic susceptibility measurements 
were made on powdered samples over the temperature range 8 . 0 < 1 . 
<300 K by the Faraday method. Details of measurements are given 
in Chapter 2 (Section 2.1.2). The diamagnetic contributions were 
calculated by using values^^^ of -435 x 10“® cm^ rool"^ for 
[Fe 2 (M.- 0 )(u-PhC 02 ) 2 (MeL) 23 (C 104 ) 2 . 2 H 20 , -387 x 10“6 cm3 mol-l for 
[Fe 2 (w- 0 )(u-MeC 02 ) 2 (MeL) 2 ](C 104 ) 2 . 2 H 20 . and -588 x 10-6 cm3 reoi"! 
for CFe 2 (u- 0 ){w-(Ph 0 ) 2 P 02 } 2 (MeL) 2 ](C 104 ) 2 .H 20 . All measurements 
were made at a fixed field strength and field dependence of the 
magnetic susceptibility was not studied. The data were fitted to 
the appropriate theoretical expression for two interacting high- 
spin iron(III) ions developed under the usual isotropic spin 
Hamiltonian Hq = - 2 !lSiS 2 .^^^ Inclusion of terms for the tempera- 
ture-independent paramagnetic susceptibility (t.i.p.) and for i 

possible sample contamination by a paramagnetic iron(III) impurity ^ 

f 

exhibiting Curie behavior yields the relationship (Equation 5.1) f 

I 
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calc . 


E g2 02 

"2e2x + lOeS^c + 28el2x + 60e20x + noeSOx 

k I 

1 + 3e2x + 5e6x + 7el2x + ge20x + HeSOx 


a fi2 q 2 + 1) 

■f _ _ ~^para “t.i.p. (5.1) 

3k I 

where x = ji/klt and H., g., and k have their usual meaning 
and X-para the mole fraction of iron(III) contaminant. A 

multiplicative term of (1-^para^ first two terms was 

omitted owing to the very small value of OC, para these 

experiments. A nonlinear least-squares fitting computer program 
was used to fit the observed data to equation 5.1. In these 
calculations g was fixed at 2.00. With all data si. X para t.i.p. 
were allowed to vary to obtain a best fit as determined by the 
best E index. The function minimized was g. = (Xexpl. “^calc.)^ / 
-^expl . 

. 2 Syntheses of Ligemds 

!5 - 2 . 1 2-pyridylethyl-(2-pyr0idylmethyl)amlne (HL) 

This was prepared following a sllShtly modified procedure as 
(d escribed in literature. 246 ^ mixture of 2 , 2 ' -aminoethylpyridine 

13.10 g, 25.0 mmol) and pyridine-2-carbaldehyde (2.70 g, 25.0 
inaol) in 15 mL of absolute ethanol was refluxed for 10 min. The 
do Jl vent was stripped off in a rotary evaporator. To this residue 
u suspension of sodium tetrahydridoborate (0.13 g) in 35 mL of 
a^ssolute ethanol was added in small portions over a period of 2h. | 

solution was left overnight, fo boiling for 1 h and 

csnoX&d. to room temperature. The pH of the solution was brought to | 
by dropwise addition of 611 HCl- The solvent was stripped 
mfjf Tuitxd&r reduced pressure and the slurry obtained was extracted 

J 
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with chloroform. The chloroform layer was dried over anhydrous 
Na 2 S 04 and after removal of solvent the desired product was 
obtained as a yellowish brown liquid (yield 2.70 g, 50%). NMR: 
8.87-6.87 ( 8 H. m. aromatic), 3.83 (2H, s. NCH 2 ), 2.95 C4H. s, 
NCH 2 CH 2 ), 1.93 (IH, s, NH). 

5.2.2 2-pyridylethyl- ( 2-pyridylmethyl ) methy lamine ( MeL ) 

To a solution of 2 -( 2 -methylaminoethyl)pyridine (3.34 g, 
24.40 mmol) and EtsN (2.50 g, 24.70 mmol) in 90 mL of ethylacetate 
was added 10 mL of an ethanolic solution of 2-chloromethylpyridine 
(obtained by neutralization of the monohydrochloride (4.00 g, 
24.40 mmol) with a 10% excess of a 2 mL saturated aqueous K 2 CO 3 
solution with vigorous shaking) . The mixture was allowed to stir 
at room temperature for 5 days. After filtration, the solvent 
was removed under reduced pressure to give a yellowish oil. To 
this, 20 mL of ethylacetate was added, filtered, and the volume 
of the filtrate was reduced down to ~5 mL by rotary evaporation. 
The rei aining solution was extracted with chloroform and dried 
over anhydrous Na 2 S 04 . After complete removal of the solvent the 
desired product was obtained as a yellowish brown liquid (yield 
4.50 g, 81%), Ir NMR (in CDCI 3 ): 8.57-6.83 ( 8 H, m, aromatic), 
3.85 (2H, s, NCH 2 ), 2.95 (4H, s, NCH 2 CH 2 ), 2.40 (3H, s, NCH 3 ). 

The Ir NMR spectrum of MeL is shown in Figure 5.1. 

5.3 Syntheses of Complexes 
5.3.1 (Bt4H)2CFe20Cl63 

This was prepared according to literature procedure, 246 
Metallic sodium (1.20 g, 52.2 mmol) was allowed to react with 
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250 inL of CH 3 OH to give NaOCHs. A solution of NaOCHs (250 mL) was 
added dropwise over a period of 2.6 h to a solution of 8,62 g 
(52.5 mmol) of anhydrous FeCl 3 in 350 mL of CH 3 OH with rapid 
stirring. After the addition was complete, the deep brown 
reaction mixture stirred for 1 h and then 9.50 g (57.3 mmol) of 
solid Et 4 NCl was added. After -10 min CH 3 OH was stripped off by a 
rotary evaporator (maintaining temperature bolow 35* C) until a 
thick slurry was obtained. To the slurry was added 200 mL CH 3 CN 
and the resulting cloudy brown suspention was stirred for 15 
min and filtered through a pad of Celite to remove NaCl . After 
washing the Celite cake with -50 mL CH 3 CN, the combine filtrates 
were concentrated to a thick brown oil . This material was 
dissolved in 20 mL CH 3 CN, and 300 mL of CHCI 3 was added over 
several minutes. The product was separated as brown oily layer, 
leaving unreacted Et 4 NCl to remain in solution. The oily product 
was separated from CHCI 3 layer and diluted to 50 mL with CH 3 CN. 
After the addition of -100 mL THE to this deep red-brown solution 
it was filtered. To the filtrate another -150 mL THE was added and 
the solution was cooled to -20 “C. After 24 h the first crop of 
brown crystals were filtered and washed with THE. More THE was 
added to the filtrate until it becomes cloudy and the mixture was 
again kept at -20*C for one more day. The second crop obtained 
was washed with THE and both the crops were dried in vacuo to 
give a combined yield of 13.50 g ( 86 %). 

5.3.2 CFe2(|i-0)(M-PhC02)2(HL)23(C104)2.2H20 

A mixture of (Et 4 N) 2 [Fe 20 Cl 63 (0.82 g, 1.36 mmol) and 
PhC 02 Na (0.42 g, 2.92 mmol) in MeCN (20 mL) was stirred for 20 
min. The ligand HL (0.60 g, 2.8 mmol) in MeCN (10 mL) was then 
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added slowly over a period of 10 min. The mixture was stirred at 
298 K for 4 h. Then solid NaC 104 .H 20 (0.60 g, 4.3 mmol) was added 
and stirred for 15 min, filtered and removed the solvent using a 
rotary evaporator at 30-40®C. The residue was then dissolved in 
MeCN (10 mL) and filtered through, a G-4 frit. The resulting 
brown crystals obtained after cooling (273 K) the filtrate were 
collected and recrystallized from (1:1) lleCN-Et20 (yield ~ 40%). 

5.3.3 CFe2(H-0)(n-MeC02)2(HeL)2](C104)2.2H20 

This complex was synthesized using the ligand MeL following a 
similar procedure as described above, except that MeC 02 Na was 
used instead of PhC02Na. (yield *' 55%). 

5.3.4 CFe2(u-0){u-(Ph0)2P02}2(MeL)23(C104)2.H20 

A mixture of (PhO)2P02H (0.17 g, 0.66 mmol) and EtsN (0.67 g 
0.66 mmol) in MeCN (10 mL) were added to a stirred MeCN (10 mL) 
solution of (Et4N)2CFe20Clg3 ( 0 . 20 g, 0.33 mmol). After stirring 
the mixture for 15 min, the ligand MeL (0.15 g, 0.66 mmol) in 
MeCN (10 mL) was added slowly over a period of 10 min. The 
mixture was stirred at 298 K for 4 h. Then solid NaC 104 .H 20 
(0.30 g, 2.1 mmol) was added and stirred for 15 min, filtered and 
removed the solvent using rotary evaporator. The residue was then 
dissolved in MeCN (10 mL) and filtered through a G-4 frit and 
Et20 (10 mL) was added slowly. Storage of this solution at ~273 K 
for 24 h resulted green microcrystalline solid. The compound was 
recrystallized from (1:1) MeCN-Et 20 and dried in vacuo (yield 
-50%). 

The microanalytical data for these oxo-bridged complexes are 


given in Table 5.2. 



Table 6-2: Microanalytical Data of Qia>-Bridged Diircaidll) Ccaqplesxes 


Consxxmds 

Qqplrical Formula 

% C 

Analysis® 

% H 

% N 

[Fe2(u-0) (>JL-0B3)2 
(HL)23(C104)2.2H20 

C4oH44NeOi6Cl2Fe2 

46.30 

(46.60) 

4.30 

(4.30) 

8.10 

(8.20) 

[Fe2(|Ji-0) (w-QAc)2 

(MeL)23(C104)2.2H20 

C32H44N60l5Cl2®’®2 

40.95 

(41.10) 

4.70 

(4.75) 

9.00 

(9.00) 

[Fe2(4-0){u-(QPh)2 
P02}2{HL)2] (0104)2- 
H2O 

C52H66%P2^8Cl2®’®2 

48.30 

(48.10) 

4.40 

(4.35) 

6.45 

(6.50) 


^Calculated values are in parentheses 
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5.4 Results and Discussion 
5.4.1 Synthetic Aspects 

Since 1983 there has been a growing interest in the 
syntheses of triply bridged (jj.-oxo)bis(w.-carboxylato)diiron(III) 
complexes using a variety of tridentate nitrogen-containing 
capping ligands to model the oxo-bridged dinuclear iron protein 
hemerythrin. The synthetic strategy adopted has mainly been the 
"self-assembly” method of Holm and Ibers.247 However, our approach 
resembles that of Lippard and coworkers 223 , 228 using preformed 
[Fe20Cl6]2- ion. 

Treatment of (Et4N)2CFe20Cl6] with sodium acetate or sodium 
benzoate and the triamine ligands HL and MeL in MeCN at room 
temperature gave orangish brown solutions which after workup and 
addition of sodium perchlorate, afforded CFe2(u-0) (jjL-PhC02)2(HL)2] 
(0104)2- 2H2O and [Fe2(u-0) (u-MeC02) (MeL)2] (0104)2 - 2H2O orange 

brown microcrystals in - 50 % yield. The synthesis of [Fe2(w-0)- 
{u-(PhO)2P02}2(MeL)2]^'‘' was achieved by two different routes, one 
being similar to that used for the syntheses of acetate and 

i 

benzoate bridged complexes, to afford in this case EFe2(|JL-0)- | 

{u-(Ph0)2P02}2(MeL)2](C104)2.H20 in - 50 % yield and the other I 

I 

involving an acetate bridge-exchange reaction (see below). 

5.4.2 Characterization of the Triply Bridged Core 

The orange brown solids [Fe2(u-0)(jJi-PhC02)2(MeL)23(C104)2. 

2H2O and CFe2(u-0)(u-MeC02)2(MeL)2](C104)2.2H20 showed the ! 

[ 

characteristic IR bands typical of bridging acetate and benzoate | 

groups, asymmetric (FeOFe) vibration mode, 220 vater of | 

! 

crystallization, and CIO4-. The presence of N-H in the co- j 
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ordinated ligand is clearly seen in the IR spectrum of tFe 2 (u- 
0 )(M-PhC 02 ) 2 (MeL) 2 ](C 104 ) 2 - 2 H 20 (Figure 5.2). For [Fe 2 (u- 0 ){)u- 
(Ph 0 ) 2 P 02 > 2 (MeL) 2 ] ( 0104)2 .H 2 O I® bands characteristic of 

bridging phosphate groups^^S could not be assigned with certainty 
due to overlapping of 0104 “ vibration in the same region. 
Selected characterization IR data of the complexes are set out in 
Table 6.3. 

Solution electrical conductivity measurements in MeCN reveal 
that all three' compounds are 1:2 electrolytes^^® (Table 5.3). 
Magnetic susceptibility measurements at 300 K in MeCN solutions 
using Evans' NMR method^®^ gave effective magnetic moments of 
~1.70 / Fe (carboxylate bridge) and 1.86/Fe (phosphate bridge), 
which are typical^®® > 220 f^j. triply bridged cores (see below) 
and which confirm the integrity of these cores in solution. 



R R i 

i 

I 

j 

The ()ji-oxo)bis(|JL-carboxylato)dliron(III ) core formulation | 
seems reasonable, given the similarities in the absorption 
spectra of these complexes in MeCN solution when compared to the 
spectra of all the structurally chafacterized dimers of the 
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Tsible 5.3: Infrared Spectral Data® of Oxo-Brldged Diiron(III) Ccaqplexes 


Coniipounds 

'vias(FeOTe) 

'i^asdlOC^) 

^^sCRCp2) 

'^(PO) t5(C104) 

[Fe2(u-0) (jui-C®2)2 

725(m) 

1640{s) 

1400(s) 

1090(vs) 

(HL)23(C104)2.2H20 

[Fe2(n-0)(M-QAc)2 

730(m) 

1650(s) 

1440(s) 

1090(vs) 

(MeL) 2 ](C 104 ) 2 . 2 H 20 

i:Fe2(M-0){»Jt-(0Ph)2 

P02}2(HL)23(ClO4)2. 

H 2 O 

735{id) 

- 

- 

1195(s)^ 1180(vs)b 
1060(m), 1025(m) 


®KBr disc; values are in cra"^; symbols: vs = very strcaig, s = strong, 


ID = medium. 

^•>J(PO) +'i5(C104). 



()ji-oxo)bis(jjL~carboxylato)diiron(III) faniily^l»l®^»220 of me-t- 
azidohemerythrin itself . 249, 250 Figure 5.3 shows the elec- 
tronic spectrum of [Fe 2 (u- 0 ) (M-PhC 02 ) 2 (HL) 23 (C 104 ) 2 . 2 H 20 in MeCN. 
The spectrum consists of two absorptions in the UV region (- 340 
and -380 nm) , four features in the visible region (- 420, -470, 
-500, and - 550 nm) , a broad band at - 730 nm and a shoulder in 
the near-IR region (1050 nm) . The peaks between 300 and 400 nm 
are characteristic of the oxo-bridge.219,222 series of bands 

between 400 and 600 nm with extinction coefficients of ej-g, = 
100-600 M“lcm~l are very specific for oxo-bridged compounds 
containing additional bridging carboxylate ligands. The region, 
550 to 1100 nm, contains only Fe (III) ligand field transitions. 
The band at -730 nm is assigned as > ^^2 d-d transi- 

tion and a very weak and broad shoulder at -1050 nm which is not 

shown in Figure 5.3 is assigned as > (^G) origin. Many 

features characteristic of such a core are also present in the 
phosphate-bridged complex [Fe 2 (/l- 0 ) {u-(Ph 0 ) 2 P 02 } 2 (MeL) 2 ] ( 0104 ) 2 - 
H 2 O, since absorption energies and intensities compare well for 
the two classes of compounds. 248, 251, 252 fhe absorption spectral 
results for all three triply bridged complexes are summarized in I 
Table 5.4. The shifts in the d-d transitions on going from I 
CFe 2 (M- 0 )(u- 02 CMe) 2 (MeL) 2 ](C 104 ) 2 . 2 H 20 to CFe 2 (u- 0 ) {u-(Ph 0 ) 2 P 02}2 | 
(MeL) 23 (C 104 ) 2 .H 20 imply that diphenyl phosphates are weaker | 
field ligands than carboxylates . Interestingly, the band position 

of 6 ^ 3 ^ > 4 T 2 (^G) for [Fe 2 (h“ 0 ) (u- 02 CPh) 2 (HL) 2 ! ( 0104 ) 2 - 2 H 2 O is 

733 nm while that of a closely related complex CFe2(juL-0) (u- 
PhC02)2(BPA)23(C104)2.H20 is 704 nm {BPA = bis(2-pyridylmethyl)- 
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Table 6.4: Gharacterizaticai Data of Oaco-Bridged Diiron (III) Conplexes 
in MeCN at 298 K 


Compounds Molar 

conductance® 

£2“lcnj2nx)l"l 

Magnetic 

mcment^ 

mb 

Electronic 

spectra 

y\, nm (Gjg, M“lcm~l) 

[Fe2(u-0) (jLi-C®2)2 
(HL)23(C104)2.2H20 

286 

1.75 

733 (75), 546 (sh) (120), 

505 (520), 470 (580), 420 
(sh)(520), 372(sh)(2 550), 
337 (3 950), 238 (21 350) 

[Fe2(jx-0) (M.-QAc) 2 
(MeL)23(C104)2.2H20 

292 

1.77 

727 (76), 551 (sh) (125), 

506 (525), 472 (590), 420 
(sh)(810), 380(sh)(3 000), 
339 (4 000), 238 (11 200) 

CFe2(n-0){u-(0Ph)2 

Pp2}2(HL)2](C104)2. 

H2O 

280 

1.86 

661(65), 527(sh)(90), 490 
(sh) (290), 453(sh) (390), 
416(sh)(670), 365(sh)(2990), 
329 (4 000), 254 (9 600) 


*In MeCN 1:2 elecstrolyte: 220-300 £3“^ cm2 
^^feasured by Evans' method. 



amine}. 252 This observation underscores the weaker ligand field 
strength of HL compared to BPA. This is understandable given the 
fact that expansion of one chelate ring from five- to six-membered 
results in a decrease in its ligand field strength. 

6 - 4.3 Carboxjrlate Bridge Exchange Reactions 

To investigate the lability of the carboxylate bridges the 
following experiments have been done on [Fe2(M-0) {u-02CMe)2- 
(MeL)23^'’’> viz., (i) acetate bridge exchange reaction by deutero- 
acetic acid and (ii) exchange of acetate bridge by phosphate 
bridge. 

In [Fe2()J.-0) (u-02CMe)2(MeL)232'^ the bridging acetate groups 
exchange readily with CD3CO2D in CD3CN solution with addition of 
10 equivalents of CD3CO2D as revealed by NMR spectroscopy 

(Equation 6 . 2 , Figure 5 . 4 ). 

CD3CN 

[Fe2(U-0)(»j.-CH3C02)2(MeL)232+ + excess CD3CO2D > 

CFe2(u-0)()ui-CD3C02)2(MeL)232+ (6.2) 

The spectrum recorded within 10 min of mixing reveals that the 
bridged diiron(III) structure remains Intact and that resonances 

associated with CH3 of the co-ordinated acetate groups (6 = 10.6 

« 

ppm) vanish as the deuter joacetate analogue is formed. Moreover, 
the entire spectra of CFe2(M--0) (h-02CMe)2(MeL)23 (0104)2 .2H2O 
its deutero analogue are seen in the range 6 -10 to +30 ppm. 
This is understandable given the strong antiferromagnetic 
exchange coupling between the diiron(III) sites (see below). 






The phosphate-bridged complex [Fe2(»J.-0) {jJi-(PhO)2P02}2“ 
(MeL) 2 ]^'’’ could be readily generated at 298 K as described in 
(Equation 5.3). 

MeCN 

[Fe2(u-0)(4-CH3C02)2(MeL)232+ + 2 (Ph0)2P02H > 

[Fe2(M-0){u-(PhO)2P02}2(MeL)232+ + 2 CH 3 CO 2 H (6.3) 

The electronic spectrum of the resulting solution was recorded 
(Figure 6 . 6 ) within 6 min of mixing. The absorption spectrum of 
phosphate -bridged dimer generated following (Equation 5.3) is 
identical to that obtained for the isolated species. Thus the 
acetate bridge exchange reaction for phosphate proceeds instant- 
aneously. Similar reactions were investigated by Lippard and 
co-workers .251 

5.4.4 57pe Mossbauer Spectra 

5'^Fe Mbssbauer spectroscopy was utilized to provide a direct 
probe of the electronic and chemical environment of the dinuclear 
iron(III) sites in these complexes. Zero field Mbssbauer spectra 
of [Fe 2 (u- 0 )(u- 02 CMd) 2 CMeL) 2 ](C 104 ) 2 . 2 H 20 at 77 K and [Fe 2 (u- 0 )- 
{u-(PhO) 2 P 02 } 2 (MeL) 23 (C 104 ) 2 .H 20 at 300 K are shown in Figures 
5,6 and 5.7, and the results are in Table 6 .S.. Each spectrum 
consists of a single quadrupole-split doublet. The two lines of 
the quadrupole -doublet are of unequal intensity for the room- 
temperature spectrum and the cause of the asymmetric line 
broadening is attributed to slow spin-lattice relaxation 
rates. 253 This is Justifiable given the fact that as the absorber 
temperature is lowered the components of the quadrupole pair 
become more equal in intensity. The 77 K spectrum appears almost 
symmetric (Figure 5.5). The values of the isomer shift ( 6 ) and 
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Table 5.5.: Magnetic and lfi5ssbauer Properties of Some Selected (/.i-oxo)di- 
iron(III) Complexes of Relevance to this work 


Ccaiplexes 

-iZ(cm"l) 

U^ff/Fe® 

I (K) 

6 (ran s" 

'^) AEQ(ran 

[Fe2(u-0)(U-Ph002)2- 

127 b 

1.58 

300 

0.38 

1.68 

(HL) 2 ](C 104 ) 2 . 2 H 20 


(1.68)® 

77 

0.52 

1.59 

CFe2()Ji-0)(U-MeGp2)2- 

125d 

1.64 

300 

0.37 

1.29 

(MeL) 2 ](C 104 ) 2 . 2 H 20 


(1.70)® 

77 

0.50 

1.48 

[Fe2(M.-0){u-(Hi0)2- 

108® 

1.82 

300 

0.39 

1.49 

P02}2(MeL)23(C104)2.H20 


(1.86)® 




CFe2(u-0)(u-Me002)2- 

(WrACN)2](C104)2^ 

115 

- 

4.2 

0.47 

1.50 

CFe2(M.-0) (iJi-Me002)2- 
(■IMIP)2](C104)2g 

120 

1.66 

100 

0.51 

1.64 

CFe2()Ji-0)(n-MeC02)2- 

(HE!pz3)2]^ 

121 

1.71 

4.2 

0.52 

1,60 

CFe2(n-0)(u-^3CC02)2 

116 


293 

0.44 

- 1.37 - 

(L)23(C104)2^ 



70 

0.55 

1.30 

[Fe2(u-0){4-(PhD)2- 

P02}2(HRp23)23^ 

97.5 

1.82 

4.2 

0.53 

1.60 


^Solid state values at 300 K. *^Xpara* 3.947 x 10~3, t.i.p. : 2,909 x 10"®. 
^^Measured in MeCN solution by Evans' method^^l at 300 K. ^JCpara' 7.698 x 
10"3, t.i.p.: -1.819 x lO"^. ®Xpara' x lO"®, t.i.p.: 5.416 x 10"®. 

^ MTACN = l,4,7-triiDethyl-l,4,7-triazacyclononane: Ref. 229. S TMIP = tris- 
(N-methyliinidazol-2-yl)idx>sphine: Ref 25,26. ^ HRpzs = hydrotris(l-pyrazol- 
yl)borate(l-): Ref. 224. ^ L = bis-(ben2imida3ol-2-ylinethyl)amine: Ref. 23. 
i Ref. 261. 





igure 5.7 ”Fe Mos: 

(CIOjj .H 


168 


quadrupole splitting (^Eq) relative to metallic iron at room 
temperature were obtained from least-squares computer fitting 
(solid line) of the experimental points assuming Lorentzian line 
shapes . The parameters obtained from these complexes are 
characteristic of u-oxo-bridged dinuclear high-spin iron(III) 
complexes and proteins in general . » 220 the present 
complexes the isomer shift values at 300 K lie at the lower 

end254-256 Qf range usually observed. 220 difference in 

isomer shift values at 77 K and at 300 K may be accounted for by 
the second-order Doppler shift (s.o.d.s.) arising from the 
different source and absorber temperatures . 

5.4.5 Magnetism 

We have so far been unsuccessful in determining three- 
dimensional X-ray structure of these compounds because the single 
crystals grown from many solvents, quite readily lose solvent of 
crystallization at room temperature. Therefore, we have under- 
taken a detailed variable-temperature (8-300 K) magnetic suscep- 
tibility analyses on all the three complexes to throw light from 
the standpoint of magneto-structural correlation. 257 Measurements 
were carried out on solid samples and the magnetic susceptibility 
data are listed in Tables 5.5, 5.7, and 5.8. 

The temperature dependence of the magnetic susceptibilities 
of acetate and diphenylphosph^ite bridged complexes are shown in 
Figures 5.8 and 5.9. The plots are as expected for strongly 
coupled S. = 5/2 dimers . 258-260 rapid increase in S't low 
temperatures is due to the presence of traces of monomeric high- 
spin impurity. This is quite a common feature in the susceptibi- 



Table 6.6: Variable Teroiperature Magnetic Susceptibility Data for 


CFe2(M-0) (jJi- 02 C 3 =h) 2 CHL )23 (0104)2 . 2H2O 


T (K) 

10^ 

(on^ inol“^) 

Meff/Fe 

(EM) 

T (K) 

10^ Xjj/dimer 
(cin^ iDol~l) 

^ff/F® 

(BM) 

300 

2.081 

1.58 

90 

0.873 

0.56 

289 

2.062 

1.52 

80 

0.727 

0.53 

260 

1.998 

1.44 

70 

0.629 

0.42 

240 

1.951 

1.37 

60 

0.629 

0.39 

220 

1.865 

1.28 

50 

0.523 

0.33 

200 

1.797 

1.20 

40 

0.727 

0.34 

180 

1.699 

1.11 

30 

0.751 

0.30 

160 

1.602 

1.01 

25 

1.006 

0.32 

140 

1.456 

0.90 

20 

1.602 

0.36 

130 

1.286 

0.82 

11.8 

2.380 

0.34 

115 

1.177 

0.74 




100 

0.970 

0.62 







Tables.?: Variable Taaoperature Magnetic Susceptibility Data for 


[Fe2(U-0) (u-C)2CMe)2(MeL)2](C104)2.2H20 


T (K) 

10^ Xjj/dimer 
(on^ mol'l) 

Ueff/Fe 

(BM) 

T (K) 

10^Xi5[/diiner 

(cm^ 

(Oeff/Fe 

(BM) 

300 

2.244 

1.64 

90 

0.838 

0.56 

280 

2.208 

1.67 

80 

0.669 

0.46 

260 

2.147 

1.60 

70 

0.600 

0.37 

240 

2.136 

1.43 

60 

0.387 

0.31 

220 

1.967 

1.32 

50 

0.443 

0.30 

200 

1.910 

1.24 

40 

0.443 

0.27 

180 

1.864 

1.16 

30 

0.472 

0.24 

160 

1.685 

1.04 

20 

1.008 

0.28 

140 

1.172 

0.94 

11.8 

1.346 

0.26 

120 

1.290 

0.79 

8.8 

2.023 

0.27 

100 

1.008 

0.64 






Tcdile 5»8 Variable Teinperature Magnetic Susceptibility Data for 


[Fe2(jJi-0) {(M-p2P(OPh)2}2(MeL)2] (0104)2 .H2O 


T (K) 

10^ Xjj/diiner 
(cm^ iDol“^) 

beff/Pe 

(BM) 

T (K) 

lO^Xjj/dinier 
(cxP rocl'l) 

Ueff/Pe 

(BM) 

300 

2.750 

1.82 

80 

1.234 

0.60 

270 

2.680 

1.70 

70 

0.994 

0.53 

240 

2.616 

1.59 

60 

0.858 

0.45 

200 

2.481 

1.41 

50 

0.656 

0.36 

180 

1.346 

1.30 

40 

0.791 

0.36 

160 

1.278 

1.21 

20 

1.399 

0.34 

140 

2.210 

1.11 

11.8 

2.548 

0.35 

120 

1.940 

0.97 

8.8 

3.157 

0.33 

100 

1.602 

0.80 
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lities of (jjL-oxo ) iron ( III ) complexes. The best-fit i values for 
these complexes are in Table 5.5. Given the presence of high-spin 
Fe(III), we constrained g to the free electron value. It is 
interesting to note that the j 1 values are somewhat more negative 
than found for related complexes (Table 5.5), implying a better 
spin exchange in the present systems. In the absence of solid- 
state structural data it would not be appropriate to attempt a 
definitive explanation. However the following statement is in 
order. The presence of unsymmetrical chelate rings in HL and MeL 
might have increased the asymmetry262 , 255 , 256 these compounds 
which has contributed to stronger magnetic coupling pathway. By 
unsymmetrical we mean that no symmetry or pseudo-symmetry opera- 
tion, other than the identity operation Gi , relates the coordina- 
tion environment around one iron to that around a second. 

5.4.6 Hedox Properties 

Figure 5.10 displays the cyclic voltammogram of a represent- 
ative complex [Fe2(u-0) (M-02CMe)2(MeL)2]2'^ in MeCN. Measurements 
over the range +1.70 to -1.70 V at a platinum electrode revealed 
only an irreversible reductive wave at -0.40 V vs SCE followed by 
during the anodic scan, two ill-defined waves at +0.26 V and 
+0.40 V, respectively. It is worth mentioning here that usually 
the electrochemical properties of this class of complexes behave 
the same way224 as ^e have observed in this work. 








5.5 Concluding Remarks 

(i) Successful syntheses of diiron(III) complexes containing 
the triply bridged [Fe2(u-0) (u-X)2]^'*’ core {X = MeC02, PhC02 or 
(PhO)2P02} have been achieved by using HL and MeL as terminal 
capping ligands. 

(ii) Using NMR and absorption spectroscopy, it has been 
nicely demonstrated that the acetate bridges present in CFe 2 ^h- 0 ) 
(U-02CMe)2(MeL)23^‘’' are quite labile. 

(iii) MSssbauer spectral parameters and the temperature depend- 
ence of magnetic susceptibilities point toward the presence of two 
antiferromagnetically coupled diiron(III) centers in these 
complexes. The extent of exchange coupling observed here is 
somewhat larger compared to many related complexes. We believe 
that the unsymmetric ligand chelate rings in HL and MeL have 
caused unfavorable interligand steric interactions and hence 
introduced asymmetry in the core structure. 



CHAPTER 6 


Triply Bridged Diru'theniuiii Complexes with {Hu2^^^(p.-0) (p.-02CMe)2}^'‘' 
and {fiuIVfium(p-O) (jJi-02CMe)2}^‘*' Cores: Synthesis, Spectra, and 
Electrochemistry* 


*A part of this work has been published in 
Inorg. Chem. 1992, 139. 
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Modeling the diiron core, [Fe2(jJi-0) (m- 02CR)2]^^ (Chapter 5), 
present in iron-containing nonheme protein, heroerythrin, has 
stimulated an interest in the syntheses of many transition metal 
compounds with an analogous core structure.3>'^3»'^^'261 ,262 
studies made on several systems suggest the possibility of deve- 
loping a parallel chemistry of dirutheniuro compounds. [Ru20Clio]4“ 
and related compounds, ^63-270 and various ruthenium red 
analogues271 are familiar examples of unsupported jji-oxo bridge, 
1(a), of ruthenium. Examples are also found272-279 which, two 
additional bridging groups support the oxo bridge, 1(b). 



Monobridged 1(a) 


\//V\/ 

Ru Ru 



Tribridged 1(b) 


The species hydrogen phosphate and carbonate in place of 
carboxylate bridges are a subset of this bridge unit. Table 6.1 
presents a listing of diruthenium compounds with [Ru 2 (u~ 0 )(m- 
02CR)23^'*‘ core. 

The chemistry of the oxo-carboxylato-bridged diruthenium 
complexes is expected to be different from those of its diiron 
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Table 6.1: Listing of Triply Bridged Dirutheniumdll ) Complexes 
with [Ru2(h-0)(jJL-02CR)2]2+ Core 


Terminal Ligands 

Comments 

Reference 

Pyridine 

X-ray structure, absorption 
spectra, cyclic voltammetry 

272 . 273 

2,2' -bipyridine 
(BPY), pyridine 

Absorption spectra, NMR 

spectra, cyclic voltammetry 

273 

N,N',N"-trime- 
thyl-1,4,7 tri- 
azacyclononane 
(MTACN) 

Syntheses and X-ray structures 
of oxo/hydroxo bridged diruthe- 
nium core with additional carb- 
oxylate bridges ; absorption 
spectra, variable temperature 
magnetism, NMR spectra, 

electrochemistry 

274 , 276 

Tris ( 1-pyrazol- 
yl)me thane 
(TPM) 

X-ray structure of phosphate 
bridged dimer , absorption 
spectra, NMR spectra, 

el ec tr ochemi s try 

276 

MeCN, PPh 3 

X-ray structure, absorption 
spectra, NMR spectra; 

substitutionally labile 
terminal ligands 

277-279 


f 


f 


i, 

f 



congener. As for example, the oxo-bridged complexes of first-row 
transition metal elements exhibit comparatively weak antiferro- 
magnetic interactions of electron spins of the metal centers; 
however, these interactions seem to be much stronger264 for the 
second-row transition metals. 

Understandably, the electron-transfer properties of (u-oxo)- 
bis(jLi-acetato)diruthenium(III) complexes are of considerable 
interest. It is worth mentioning here that among all known compl- 
exes with above-mentioned core, the occurence of both [Eu^^ 2 ^h- 0 ) 
(*i- 02 CMe) 23 ^'^ and CRuH^RuI^(u-O) (u-02CMe)23^''‘ species at least 
on the time scale of cyclic voltammetry, is thus far known272 
only Sasaki's complex. 

In Chapter 5 we have demonstrated the use of the ligand MeL 
to develop the chemistry of (u,-oxo)bis(iui-acetato)diiron(III) core. 
In the present chapter using the same ligand we describe the 
synthesis, spectroscopy, and a comprehensive electrochemistry of 
diruthenium analogue of the same core structure, CRu 2 (h- 0 )(w- 
02CMe)2(MeL)232+. 

6.1 Experimental Section 

6.1.1 Solvents and reagents 

Details of solvent purification are already discussed in 
Chapter 2 ( Section 2.1.1). 

5.1.2 Measurements 

Spectroscopic data were obtained by using the following 
instruments: infrared spectra, Perkin Elmer M-680 spectrophoto- 
meter; electronic spectra, Perkin Elmer Lambda 2 spectrophoto- 
meter; solution electrical conductivity, Elico (Hyderabad, India) 



Type CM-82 T conductivity bridge . The pH measurements were made 
with a Systronics (Ahmedabad, India) Type 335 digital pH meter. 
All electrochemical experiments were performed under dinitrogen 
atmosphere by using a Princeton Applied Research (PAR) Model 
370-4 electrochemistry system. Details of electrochemical measu- 
rements are given in Chapter 2 (Section 2.1.2). Couloroetric 
experiments were carried out using the Model 173 Potentiostat/ 
Galvanostat and a platinum-wire-gauze electrode was used as 
a working electrode. Number of electron (n) passed through the 
complex was determined from the ratio of Q/Q', where Q is the 
coulomb count at the end of electrolysis and Q' is the calculated 
coulomb count for one-electron transfer. The solutions were -1.0 
mM in complex and 0.2 M in supporting electrolyte, TBAP. 

6.2 Synthesis of ligand 

Synthesis of 2-pyridylethyl-(2-pyridylmethyl)methylamine 
(MeL) has been described in Chapter 5 (Section 5.2). 

6.3 Syntheses of Compounds 
6.3.1 (MeL)BuCl3.3H20 

To a solution of RuCls.SHgO (1.0 g, 3.82 mmol) in 50 mL of 
ethanol was added 2 -pyridylethyl-( 2 -pyridylmethyl)methylamine 
(0.87 g, 3.83 mmol). The mixture was stirred for 1 h at room- 
temperature. The greenish brown solid thus formed was collected, 
washed with small amounts of ethanol and acetone, and air dried; 
(yield 1.25 g, 67%). Anal. Calcd for C 14 H 23 N 3 O 3 CI 3 RU: C, 34.38; 

H, 4.71; N, 8.60. Found: C, 34.18; H, 4.31; N, 8.40. 



6.3.2 [Eu20(02CMe)2(MeL)2J(C104)2.4H20 

To a suspension of (MeL)EuCl 3 . 3 H 2 O (0.22g, 0.47 mmol) in 16 
mL of water was added 9.0 g of sodium acetate to adjust the pH of 
the solution to -7. 1-7. 2. The mixture was then refluxed for 30 
min whereupon the color of the resulting solution changed from 
green to dark purplish blue. The solution was filtered while 
hot and to the filtrate - 6 mL of a saturated aqueous solution 
of sodium perchlorate was added. Immediately blue solid product 
started separating out. The microcrystalline solid was collected, 
washed with a small amount of cold water, and dried under vacuum 
(yield 0.15 g, 31%). Anal. Calcd for C 32 H 48 N 0 O 17 CI 2 RU 2 : C, 36.19; 
H, 4.52; N. 7.92. Found: C, 35.83; H, 4.42; N. 7.77. IR (KBr, 
cm“^, selected peaks): 3420 (m) (-JCOH)), 1545 (m) ( 

1440 (s) (i^sfCO)), 1100 (s) (^J(C 104 -)), 776 (s) ( 1 ) as(RuOfiu) ) • 
Absorption spectrum (in MeCN), X, nm (Sru, M'^crn"!): 247 (12 450), 
345 (7 350), 564 (4 980). Conductivity (MeCN, lO'S M solution at 
298 K):Am = 292 A'lcm2mol-l. 

6.4 Results and Discussion 

6.4.1 Synthesis of the Tribridged Core 

The key intermediate in the formation of [Eu2(m- 0) (|x-02CMe)2 
(MeL)2]^'^ core using tridentate facially coordinating ligand MeL 
is the trichloride, [ (MeL)EuCl 3 ] . On boiling the aqueous suspen- 
sion with sodium acetate an intense purplish blue coloration was 
observed. When pH of the solution was adjusted to -^7.0 using 
sodium acetate the tribridged cation, CRu 2 (M- 0 ) (jLi- 02 CMe) 2 (MeL) 2 ] 2 ‘*‘ 
was readily formed. Isolation in the crystalline state was 
achieved by the addition of an aqueous sodium perchlorate 


solution. 



6.4.2 Characterization of the Core 


The blue solid, CRu2(u-0) (w-02CMe)2(MeL)23 ( 0104 ) 2 . 4 H 2 O 
exhibited the characteristic IR bands assignable to bridging 
acetates, the presence of RuORu moiety, water of crystallization, 
and 0104 “ as anion. Figure 6.1 presents the IR spectrum of the 
present complex. Solution electrical conductivity measurement in 
MeCN solution reveals that the compound behaves as a 1:2 electro- 
lyte.^^® The electronic spectrum (in MeCN) of the cation, 
[Ru 2 ( 4 ~ 0 ) (M.- 02 CMe) 2 (MeL) 2 ]^''’ in the range 200-800 nm is displayed 
in Figure 6.2. The ( u-oxo ) bis (ji-acetato) diruthenium (II I) core : 
formulation seems reasonable given similarities in the optical 

spectrum (Figure 6.2) of the present complex when compared to the i 

i 

spectrum272 of the related structurally characterized dimer, j 
[Ru2(u- 0) (ju.-02CMe)2(py)63 (^ 104 ) 2 . 4 H 2 O. The electronic spectra of j 
all ( u-oxo) bis (u-carboxylato) diruthenium (I II) complexes are very 
similar regardless of the nature of the capping ligands. The band 

I 

at 564 nm in the present complex is assigned to the ligand-to- J 

metal charge-transfer (LMCT) transition of px ( 0 ^~) >dx (Ru^^^i) i 

j 

origin V [ 

The effective magnetic moment of this new tribridged compound 
in acetonitrile was determined by using the NMR method^^^ and was 
found to be diamagnetic at room temperature. The diamagnetism can 
be explained as follows based on the model given by Dunitz and 
Orgel^SO for the linear ion, CCl5RuORuCl5]4~. A basis for ration- | 
alizing the bending along RuORu axis for our Ru(III)-Ru( III) case | 
is available from simple MO arguments. If the Ru-0 bond is taken 
as the z-axis for each Ru site, mixing can occur between each set 
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Figure 6,1 Selected portions of the infrored spectrum of 
[Ru" 0)(^-0Ac) 2(M«L)2] (CIOOa.AHaO 
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of dxz> dyz orbitals with two 7r-type p orbitals on the bridging 
0 atom. The result is three sets of bridge-based orbitals. Two 
are bonding orbitals that are largely pq in character 512 ^) • 

Two are non-bonding or slightly antibonding orbitals that are 
largely dTtg^ in character 712 ^^). Two are antibonding 

orbitals that are also largely dTCgu in character (tt],*, 7C2*). 

In terms of electron count for a u-oxo d^ Ru(III) complex, 
the occupancy of the bridging orbitals is (7t2^)2(7t2^)^(x2^^)2 
X2*)2 . A bending along Ru-O-Ru bonding axis results 

in a further increase in the energy separation between tci*-, 7 C 2 * ' 

\ 

and a further electronic stabilization arising from the double 
occupation of A qualitative molecular orbital picture is 

given in Scheme I . 

6.4.3 Klectrochemisti'y I 

Cyclic voltammetry in acetonitrile (0.1 M TRAP) was utilized i 
to identify the core structure and to study the electrochemical I 
properties of this tribridged complex using a platinum working ■ ; 
electrode. Typical cyclic voltammograms for [Ru2(M-0)(u-02CMe)2- 
(MeL )2 3^'*’ are shown in Figure 6.3, 

There are two well-defined oxidative responses in the 
potential region 0. 0-2.4 V, the formal potentials (E.f) being 

0.86 V and 2.03 V vs SCE. The peak-to-peak separations (AEp) at [ 

!■ 

I 

a scan rate of 50 mVs“^ are 90 mV and 100 mV, respectively. Under i 
our experimental conditions, the reversible couple Fc^/Fc has 
AEp of 80 mV (Chapter 2; Section 2.1.2), which is used as the 

i' 

criterion for electrochemical reversibility. Also, the ratio of ( 
anodic to cathodic peak currents (Ipa/lpc) is - 1.0 for each of 
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the processes. Coulometric oxidation at 1.06 V gave n = 1.01 for 
the net electrochemical oxidation of [Eu 2 (u.- 0 ) (/ji- 02 CMe) 2 (MeL) 23 ^'*’- 
Coulometric data are averages of at least three independent 
experiments and n is the number of electron passed per dimer. The 
above facts suggest that the [Eu 2 {u- 0 ) (jJi- 02 CMe) 2 (MeL) 2 ]^'^ ion 
undergoes chemically and electrochemically reversible one-elec- 
tron oxidation process generating the mixed-valence species 
[Eu 2^^^»^^(U-0) (jjL-02CMe)2(MeL)2]^‘'’. The cyclic voltaromogram of 
the one-electron oxidized solution (Figure 6.4) is identical with 
the voltammogram of [Eu 2 ^^^(U“ 0 ) (u.-02CMe)2(MeL)23^'*' but, as expe- 
cted, this time the response at 0.86 V becomes reductive. The 
oxidized solution can be quantitatively reduced (applied poten- 
tial, 0.66 V, n=0.88) giving back CEu2^II(u-0) (jjt-02CMe)2(MeL)2]2+. 
Attempted electrolysis at 2.10 V to generate the two-electron 
oxidized dimer causes decomposition of the tri -bridged core. Thus 
the species [Eu2^^(U“0) (u-02CMe)2(MeL)23^'*’ is stable only on the 
time scale of cyclic voltammetry. The occurence of the second 
oxidation process at such a high positive potential vitiates 
meaningful coulometric experiments. These observations are under- 
standable from equation 6.1. I 

[Bu(u-0)(u-0Ac)2Ru] 4+ -===r=i [Eu(m-0)(u-0Ac)2Ru]3+ ^=====^ ! 

+2.03 V +0.86 V 

[Eu([jl-0)(w-0Ac)2Ru32+ (6.1) 

' 

P 

i 

The tribridged complex also exhibits two reductive responses [ 

I 

I 

(Figure 6.3). The less negative wave with E.f of -0.65 V is quasi- 
reversible (Afip = 100 mV at a scan rate of 50 mVs~^). This is 




E (V) vs SCE 

Figure 6.4 Cyclic voltommograms of Coulometrically generated [Ru2(M-0)(M-0Ac)2(MeL),]’’ In 

MeCN at a platinunt electrode; scon rote 50 mV s"^; (a) anodic ^(b) cathodic scon 




assigned to the reduction to the Ru2(II»III) state. At this level 
of reduction a u-hydroxo bridge formation is definitely22 0,268 ^ 

possibility given the fact that the diruthenium (III) complex as 
isolated contained sufficient water of crystallization. An 
additional irreversible reductive response is seen with £pc - - 

-1.04 V and A Ep = 240 mV. No attempt was made to examine the 
chemical and electrochemical properties of the coulometrically 
reduced solutions since it is expected that it would lead to 
decomposition of the tribridged structure yielding mononuclear 
ruthenium ( I I ) compounds .281 

6.4.4 Stability and Optical Spectrum of i;Ru2(M.-0)(p.-02CMe)2- 

(MeL)2]3+ 

Though stable under dry anaerobic conditions, electrochemi- 
cally and/or chemically (see below) generated MeCN solutions of 
[Eu2(m.- 0) (u.-02CMe)2(MeL)23^‘’' are very sensitive to air. Under 
aerobic conditions such red solutions slowly turn purplish blue, 
the color of the diruthenium (III) precursor. Figure 6.2 exhibits 
the visible spectrum of the coulometrically oxidized 3+ ion in 
deoxygenated MeCN solution. The molar extinction coefficient (e^u) 
for the intense peak at 494 nm is estimated to be 3890 M'^cm”^ . 
The spectral feature is very similar to274 that observed with a 
related species, [Eu^^Ru^^^ (p.~0) (M-02CMe)2(Me3'tacn)23^'*’" The 
strong band at 564 nm of LMCT origin for [Ru2(u-0) (M.-02CMe)2- 
(MeL)2]^'’' is considerably blue shifted ( > = 494 nm) for [Ru2(u-0) 
(M.-02CMe)2(MeL)23^'*'- The oxidation of [Ru2()J.~0) (uL-02CMe)2(MeL)23^'*' 
in deoxygenated MeCN could also be achieved chemically (Equation 
6.2) by 1.06 equiv of ammoniumcerium(IV) nitrate. 



[Ru2(4-0)(n-0Ac)2(MeL)2]2+ + Ce(IV) > 

tRu2(>Ji-0)(juL-0Ac)2(MeL)2]3+ + Ce(III) (6.2) 

We have done the following controlled experiments to identify 
the actual component of air responsible for the quantitative 
reduction of the 3+ ion to the 2+ ion. Incremental amounts of 
deoxygenated water (0.05 to 0.30 mL) were added to the deoxy- 
genated MeCN solutions (0.29 mM in 2+ species) of chemically 
generated 3+ ion. We observe that the greater the amount of added 
water the faster the progress of reduction. These experiments 
confirm that under aerobic conditions the moisture of air acts as 
the reducing agent. Clean isosbestic points at 417 nm and 526 nm 
are observed when followed spectrophotometrically (Figure 6.5). 
Thermodynamically, the 3+ ion is capable of oxidizing water. The 
E-f value of RuI^Rum/Ru 2 ^^^ couple is ~200 mV more positive than 
that of the O 2 /H 2 O couple (pH ^ 7). The high moisture sensi- 
tivity of the oxidized species has made its isolation as a pure 
salt in the solid state unachievable. 

The above-mentioned novel reactivity property of the 3+ ion 
towards water (moisture) can be summarized in Scheme II. It is to 
be noted that the catalytic oxidations of water by higher valent 
mononuclear ruthenium( IV) and/or oxo-bridged diruthenium complexes 
are well documented in literature. 268,270, 282, 2 83 ^he oxidation 
chemistry of the 3+ ion presented in this chapter is noteworthy 
in the sense that this is the first example among all known (m-- 
0 x 0 ) bi s (jjt-car boxy lato)di ruthenium complexes to exhibit such a 
reactivity towards water. 



Scheme II 




[Ru!^'((i,-0){(1. -OAc)j (MeDj]^^ 

[Ru'''Ru"V-0)(ti.-0Ac)2(MeL)2] 


m 


6.5 Conversion of [Ruj ' (M~0)(M“0Ac)2(MeL)2] lo 
CRu2'V“^K/^“0Ac)2(MeL)2]^‘' In presence of water 




6.5 Concludins Remarks 

(i) Synthesis of a tribridged dirutheniuin(III) complex with 
[Ru 2 (h- 0 ) (n- 02 CMe) 2 ]^‘^ core using a tridentate N 3 facially capping 
ligand MeL has been achieved. This work corroborates the general- 
ity and versatility of the existence of tribridge core structure. 

(ii) The purplish blue diamagnetic complex, [Ru2(u-0)()jl- 
02 CMe) 2 (MeL) 2 ]^'^ displays in acetonitrile solution a chemically 
and electrochemically reversible oxidative redox response at 
0.86 V vs. SCE. 

(iii) The one-electron oxidized complex, [Ru2(u-0) (u-02CMe)2- 
(MeL) 2 ]^‘*’ exhibits a strong LMCT transition at a comparatively 
higher energy than its diruthenium( III ) analogue. 

(iv) The red oxidised species, [Ru 2(M“0) (>ji-02CMe)2(MeL)2]^‘^. 
generated chemically (by Ce^'*' oxidation) and/or electrochemically 
(coulometric oxidation) is very sensitive towards moisture giving 
back to the diruthenium( III ) complex, and thus is capable of 
oxidizing water stoichiometrically . 



CHAPTER 7 


New Mixed Valence Binuclear Complex Con'baining the {MnI^(*ji-0)2 
(n.-0Ac)Mn^^^>2'*‘ Core: A Synthetic Model for the Active Site of 
Photosystem II. 
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Interest in {Mn^^{jji-0)2Mn^^^}^''’ species284-287 j^ag grown 
enormously in recent years288-300 largely from the involvement of 
such species in the water oxidation photosystem II (PS II) of the 
photosynthetic apparatus. 301 5 * 0 ^ -the S .2 state in PS II, 

the multiline signal at g ~ 2 in the EPR spectrum and the short 
Mn — Mn separation (2.70 1, as indicated by extended X-ray absorp- 
tion fine structure analysis) are both consistent302 with, 
minimally, a binuclear formulation for the manganese centre. These 
characteristic physical properties are modeled remarkably well by 
a group of synthetic complexes having {Mn^^(M.- 0 ) 2 Mn^^^}^'*' core 
structure. The di-jj.-oxo complexes with an additional carboxylato 
bridge {MnIV(^_ 0 ) 2 (jjL-OAc)Mnm} 2 + have also been devised as model I 
complexes for the £2 state . 303-305 Although so far three bis(u.- 
0 x 0 ) (M-carboxylato) dimanganese (IV, III) complexes have. been repor- i 

I 

ted, there has been no report on the existence of bis(M-oxo) (m- 

j 

carboxylato)dimanganese(IV, IV) species. Tables 7.1 and 7.2 summa- | 

rise bis(|j.-oxo)dimanganese(IV,III) complexes with various terminal | 

i 

ligands . 

In the last two chapters we have demonstrated the use of MeL 
as a facially capping ligand in the synthesis of transition metal 
complexes containing the {M(jjl-O) ( jui-0Ac)2M>3+> 3+ (M=Fe, Ru) cores. 
Having achieved that we decided to explore the dimanganese core 
formation using MeL as terminal ligands. The outcome of that 
endeavor is presented here. In this chapter we describe a new 
mixed valence binuclear Mn complex and its one-electron oxidation 
product containing {Mn2(jJ.“0)2(U“0Ac)}3+/3+ unit with interesting 
magnetic, EPR, and redox properties. 



Table 7.1: Triply Bridged Dimanganese Complexes Having 
{MnIV,IIl2(jui-0)2(u-OAc)}2+ Core 


Terminal Ligands 

Comments 

References 

1,4,7 triaza- 

cyclononane 

(TACN) 

X-ray structure, variable 
temperature magnetic suscep- 
tibility (antiferromagnetisro) , 
EPR and absorption spectra 

3 03 

2,2' -bipyridine 
(BPY), and Cl" 

X-ray structure, variable 
temperature magnetic suscep- 
tibility (antiferromagnetism), 
EPR and absorption spectra 

304 

N,N,N',N'-tetra- 
kis ( 2-pyridylme- 
thyl ) -1 , 2-ethane- 
diamine (TPEN) 

X-ray structure, variable 
temperature magnetic suscep- 
tibility ( anti ferromagnetism ) , 
EPR and absorption spectra, 
cyclic voltammetry 

306 




Table 7.2: A Selected Listing of Dibridged Dimanganese Complexes 


Having {Mn^^* Core 


Terminal Ligands 

Comments 

References 

2,2' -bipyridine 
(BPY) 

X-ray structure, infrared, 

EPR, and absorption spectra, 
variable temperature magnetic 
susceptibility, electrochemistry 

286 

1 , 10-phenanth- 
roline (PHEN) 

X-ray structure. Variable 
temperature magnetic susceptibi- 
lity, EPR and absorption spectra, 
electrochemistry 

288 

1,4,8,11-tetra- 
azacyclotetra- 
decane (CYCLAM) 

IR, absorption, and EPR 
spectra, electrochemistry 

297 

N,N'-bis(2-pyr- 
idylmethyl ) -1 , 2- 
e thanedi amine 
(BISPICEN) 

Antiforromagnetism, EPR, 
and absorption spectra, 
cyclic voltammetry; 

X-ray structure and magnetic 
suscetibility of IV/IV dimer 

289 

Tris ( 2-pyridyl- 
methyl ) amine 
(TMPA) 

Absorption and EPR spectra, 
anti ferromagnetism, cyclic 
voltammetry ; 

X-ray structure of IV/IV dimer 

290 

i 

i 
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7.1 Experimen'bal Section 

7.1.1 Solvents and reagents 

Solvents and reagents were obtained from commercial sources 
and used without further purification unless otherwise stated. 
Details of solvent purification are discussed in Chapter 2 
( Section 2.1.1). 


7.1.2 Measurements 

Details of spectroscopic measurements are given in Chapter 2 
(Section 2.1.2). Variable-temperature magnetic susceptibility- 
measurements were made on powdered samples over the temperature 
range 19.8 < !L < 300 K by the Faraday method. The diamagnetic 
contribution was calculated by using values of -351 x 10~^ cm^ 
mol-1 for [Mn 2 (M- 0 ) 2 ( 4 -MeC 02 )(MeL) 2 ](C 104 ) 2 .H 20 . Details of mag- 
netic susceptibility measurements are in Chapters 2 and 6. The 
data were fitted to the appropriate theoretical expression for 
two interacting high-spin manganese (III) and manganese(IV) ions 
developed under the usual isotropic spin Hamiltonian H© = 
-2 iISiS 2-^^^ Inclusion of terms for the temperature-independent 
paramagnetic susceptibility (t.i.p.) and for possible sample 
contamination by paramagnetic manganese (III) impurity exhibiting 
Curie behavior yields the relationship (Equation 7.1) 



E g2 q2 a(£ + 1) 

X 

3WL 


para 


+ t.i.p. 


(7.1) 
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where x = il/kX and ii. and k have their usual meaning and Xpara 
is the mole fraction of manganese ( I I I ) contaminant. A nonlinear 
least-squares fitting computer program was used to fit the 
observed data to equation 7.1. Details are in Chapter 6. 

Cyclic voltammetry, differential pulse voltammetry, and 
couloroetric measurements were performed by using the PAR Model 
370-4 electrochemistry system. Details of electrochemical measur- 
ements are in Chapters 2 and 6. 

7.2 Sjmthesls of ligand 

Synthesis of 2-pyridylethyl-(2-pyridylmethyl)methylamine 
(MeL) has already been described in Chapter 5 (Section 5.2). 

7.3 Syntheses of Compound 

7.3.1 CMn2(u-0)2(u-HeC02)(lIeL>2](C104)2-H20 

A suspension of '^Mn(0Ac)3.2H20'' (0.40 g, 1.49 mmol) and ; 
NaC 104 .H 20 (0.21 g, 1.49 mmol) in 5 mL of degassed MeCN was 
stirred for 1 h. The ligand 2-pyridylethyl-(2-pyridylmethyl)meth- 
ylamine (MeL) (0.34 g, 1.49 mmol) in 5 mL of degassed MeCN was 
then added slowly over a period of 6 min and the mixture was i 
stirred at room temperature for 2 h. The brownish-green solution | 
mixture was filtered through a G-4 frit. Layering of Et20 (5 mL) [ 

r 

initiated the precipitation of a green microcrystalline complex ; 

I 

of [Mn 2 (M-- 0 ) 2 (h- 0 Ac)(MeL) 2 ](C 104 ) 2 .H 20 in 42% yield. For getting [ 

i 

pure compound strict exclusion of air was found to be critical at | 
all stages of reaction and workup. Anal. Calcd. for C 3 oH 3 gN 6 
Oi 3 Cl 2 Mn 2 .‘C, 41.28; H, 4.51; N, 9.63%. Found: C, 41.20; H, 4.60; 

N, 9.70%. IR (KBr, cm“l, selected peaks): 3420 br ( V(0H)), 1550 

( -jJasCOCO)), 1440 ( t)s(OCO)), 1100 vs,br and 620 m ( V(C 104 )), 



670 ( t) ( M n202 ) ) . Conductivity (MeCN, lO'^M solution at 298 K) 

Ajj = 296 mho cm^rool"^. 

7.4 Results and Discussion 

7.4.1 Ssmthesls of the Trlbrldged Core 

Two different synthetic routes are known to make bis(H-oxo)- 
dimanganese complexes; (i) oxidation of readily available Mn^ 
starting materials (Mn(0Ac)2. MnCOs) with reagents like K 2 S 2 OS or 
KMn 04 , and (ii) addition of bidentate or tridentate capping 
ligand to a stirred solution of ’‘manganese ( III) acetate' having 
{MnsO}'^'*' moiety. In the present work, the spontaneous self- 
assembly method247 has been adopted to synthesize novel {Mnl^Cjo.- 
0 ) 2 (n-OAc)MnI^^}2+ core utilizing MeL as terminal blocking 
agents. This is the second example where the terminal ends of the 
bis ( JJ.-OXO ) ( n-carboxylato ) dimanganese ( 1 1 1 , 1 V ) unit have been blocked 
by this kind of tridentate ligands and is the fourth example of 
this type of core structure. The low yield of product is 
primarily a consequence of the disproportionation reaction as 
shown in equation 7.1: 

[MnlV-MnlV] + [MnHI-MnlH] ^===i 2CMnIV-MnIIl3 (7.1) 

7.4.2 Characterization of the Core 

The {MnI^(u-0)2(u-0Ac)Mn2^H}2+ core formulation results in 
a dipositively charged complex, which is consistent with the 
conductivity data.^^^ The green solid [Mn2(M.-0)2(d-0Ac) (MeL)23 
(C 104 ) 2 *H 20 exhibited the characteristic IR bands assignable to 
bridging acetate, the Mn 2 (>J-- 0 ) 2 » the water of crystallization and 
C 104 ~. Figure 7.1 illustrates the IR spectrum of the complex. 







The electronic spectrum of [Mn2(U“0)2(Ur0Ac) (MeL) 2 ] (C 104 ) 2 - 
H 2 O in acetonitrile is shown in Figure 7 . 2 . A tentative assign- 
ment of the bands has been made (see below) from the spectra of 
structurally authenticated compounds having (a) bis(u-oxo)diroan- 
ganese(IV,llI) and (b) bis (u-oxo ) (u-acetate) dimanganese (IV, III) 



cores. Table 7.3 summarizes the absorption spectral data for 
compounds having these two core structures. From this it can be 
concluded that one cannot differentiate between these two cores 
on the basis of electronic structure alone. But given the 
similarities286-300, 305 between the absorption spectrum of the 
present complex and structurally characterized these two cores, 
one can definitely say about the presence of bis(jui- 
oxo)dlroanganese(IV, III) core in our complex. The distinct peak at 
640 nm is probably due to d-d transition286 centered on Mn(III). 



Figure 7.2 Electronic 
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The peak at 640 nm is in the same energy region as has been 
observed for monomeric Mn(IV) complexes with oxygen donor ligands 
and may be assigned as an oxlde-to-manganese(IV) charge transfer 
transition. 298 fhe broad low energy features centered near 800 nm 
has been attributed due to Mn(III)-Mn(IV) intervalence charge 
transfer. 

7.4.3 Magnetism 

Solution magnetic susceptibility measurements using the 
Evans' method^^l (MeCN, 300 K) gave magnetic moment of 2.34 M-g 
per Mn. This is well below the spin-only values expected for 
magnetically isolated Mn^^ (d^) ion 3.87 ug or MnUI (high-spin 
d^) ion 4.90 ufi- The present result agrees well with values 
expected287, 295, 296 antiferromagnetically coupled MnTV(S= 3/2)- 

MnI^^(S=2) pair. This behavior of the present complex is confirmed 
by the temperature dependent magnetic susceptibility measurements 
(Faraday method) in the range 19.8-300 K on solid samples (Figure 
7.3). The effective magnetic moment decreases gradually from a 
value of 3.05 /mg per dimer at room temperature to 1.98 /mg at 
19.8 K. The experimental data were fitted to the expression as 
stated in Section 7.1.2 for an isotropic exchange interaction 
between an Mn^^ (£=3/2) and Mn^T (£=2) ion. The spin exchange 
coupling constant J. was foTind to be -144 cm~^ (fixed g = 2.0; 

t.i.p.= 1.11 X 10“3 emu mol"l; paramagnetic impurity as monomeric 
Unlll = 1%). The il value for the present complex is comparable to 
that of Armstrong and coworkers. 2 05 
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7.4.4 EPR Spectra 

The frozen solution EPR spectrum of CMn2(u-0)2(M“0Ac) (MeL)23^‘*' 
at 77 K exhibiting sixteen 5%n hyperfine pattern (Figure 7.4) 
centered near g *= 2.0 is representative of binuclear Mn(IV,III) 
systems^02 including the £.2 state of the Mn center of the PS II. 
Such a sixteen hyperfine pattern at g »= 2 is expected for an 
antiferromagnetically coupled Mn(IV,III) dimer with doublet 
ground state where two manganese ions are inequivalent. The 
observed spectral pattern is indicative of a situation, where one 
of the Mn nucleus has about twice the hyperfine coupling constant 
o* the other . 

7.4.5 Redox Behavior 

An important test for the merit of any PS II model system is 
the thermodynamics of its redox reaction. The cyclic voltammogram 
of a 10~3 M MeCN solution of the present complex in 0.16 M TBAP 
shows (Figure 7.5) a well-behaved quasireversible ( Afip = 100 mV, 
scan rate =0.05 V s”l) oxidative response at 1.00 V and an 
irreversible reduction wave at -0.01 V ya.. SCE. The Ef value of 
1.00 V corresponds to the one-electron Mn 2 ^VMnI^Mn^I^ couple 
(see below) and the reduction wave is assigned to MnI^Mn^^I/Mn 2 ^^^ 
couple. Interestingly, the Ef value of the oxidative couple for 
CMn 2 (h- 0 ) 2 (h- 0 Ac)(MeL) 2 ]^''' is identical to that of the {MniV(M- 
0)2MnI^^}2'^ species with cyclam^S^ as the terminal ligand. From 
the separation of Ef (oxidative response) and Ef [reductive resp- 
onse; as this is not a reversible response we have added 0.05 V 
to Epc (cathodic peak potential)] values for [Mn 2 (M- 0 ) 2 (M“ 0 Ac)- 
(MeL)23^^> comproportionation constant (K^ at 25 ^C) of the 





E (V) vs. SCE 


Figure 7.5 Cyclic voltammogram (scan rate 50 mV/s) of 
[Mn'^'"'2(A^-0)2O-0Ac)(MeL)2](CI04)2.H20 in MeCN 
at a platinum electrode (C=1.0 mM); supporting 
electrolyte, TBAP. 



reaction (Equation 7.1) is calculated to be 6.26 x 10 ^'^ , indica- 
ting that the mixed valence complex is considerably stabilized. 
In fact, our compound is the most stable species among all mixed 
valence dimanganese( IV, III ) complexes reported so far. 293, 296, 305 
The three other compounds containing the {MnIV(u-0)2(M.-0Ac)- 
MnIII}2+ core which have been synthesized so far the redox 
behavior of only one complex has been reported. 30^ 

7.4.6 Synthesis and Properties of {MnI^2(^“0)2f*^“0Ac)(MeL)2>^'*' 

Controlled potential electrolysis at 1.24 V gave n = 0.92 for 
the net electrochemical oxidation of {MnI^2(M“0)2(h~0Ac) (MeL) 2 }^’^ 
generating the dimanganese ( IV, IV) complex which is stable in 
MeCN solution. The orange-brown solution of {MnI'^2(h-0)2(4- 
OAc) (MeL)2}^'^ can also be generated chemically by oxidation of 
{Mn^^2(h-0)2(u-0Ac) (MeL)2}^'*' with perchloric acid. The one- 
electron oxidized species displays identical cyclic voltammogram 
(this time, as expected, both the responses are reductive in 
nature). The nature of the absorption spectrum of the Mn 2 (IV,IV) 
species is less complex than that of Mn 2 (IV,III) dimer, contain- 
ing only one peak at 620 nm (6«400 M“lcm"l) in the visible region. 
Absorption spectra of CMn2^^(M-0)2(M-0Ac) (MeL)23^'*’, generated 
chemically (perchloric acid oxidation) and electrochemically are 
displayed in Figure 7.6. Unlike Iln 2 (IV,III) complex the oxidized 
product did not give any EPR spectrum at 77 K. This is for the 
first time that a stable Iln 2 (IV,IV) species having {Mnl'^2<^^“®)2" 
(p,-0Ac)}2’^ core has been generated and the redox stability and 

. ' ; : I „ : '<! 

spectral properties have been examined. 
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7.6 Concluding Bemarks 

The salient features of the results presented in Chapter 7 
are as follows: 

(i) The fourth example of a complex containing a {MnIV(^_o )2 
(u-0Ac)MnIII}2+ core has been provided in this chapter. 

(ii) Variable-temperature solid-state magnetic susceptibility 
data are consistent with a .doublet ground state, with antiferro- 
magnetic coupling constant, jl = -144 cm~^. 

(iii) The X-band EPR experiments at 77 K exhibit a 16-line 
spectrum centered at g = 2. This 16-line spectrum is attributed 
to the overlap of hyperfine splitting with two chemically 
different Mn nuclei (I = 6/2) with one hyperfine coupling constant 
being roughly twice the magnitude of the other. 

(iv) The complex {Mn^^2(h“0)2(U'*0Ac) (MeL) 2 }^'’' appears espec- 
ially attractive for use as a reagent for one-electron oxidation 
in nonaqueous media. Interestingly, the Ef value for the 
oxidative couple is above the water oxidation threshold. Since 
four electrons are required for the formation of an 02 --molecule, 
a water oxidation^®® cannot be achieved if the oxidative 
process is not efficiently coupled. 

(v) The redox stability and the absorption spectral prop- 
erties of this IV, IV species have also been investigated for the 


first time. 
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Table I-; Anisotropic Thermal Parameters for CFe(H2Me2bpp) 2] (0104)2 
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Table II: Table of Least-Squares Planes 


Plane number 1 


Atoms Defining 

Plane 

Distance 

esd 

NlA 


-p.0075 

0.0040 

C2A 


0.0065 

0.0053 

C3A 


-0.0012 

0.0064 

C4A 


0.0014 

0.0069 

C5A 


-0.0083 

0.0060 

C6A 


0.0116 

0.0051 

Mean deviation 

from plane 

is 0.0061 

angstroms 

Chi-squared: 

11.4 




Plane number 2 


Atoms Defining 

Plane 

Distance 

esd 

NIB 


-0.0056 

0.0040 

C2B 


0.0016 

0.0052 

C3B 


0.0064 

0.0061 

C4B 


-0.0050 

0.0063 

C5B 


-0.0060 

0.0062 

C6B 


0.0103 

0.0051 

Mean deviation 

from plane 

is 0.0058 

angstroms 

Chi-squared: 

8.3 




Dihedral angles between least-squares planes 
plane plane angle 

2 1 26.98 


Plane number 3 


Atoms Defining Plane Distance esd 

NIC -0.0003 0.0041 
N2C -0.0006 0.0043 
C3C 0.0027 0.0066 
C4C -0.0032 0.0068 
C5C 0.0017 0.0059 


Mean deviation from plane is 0.0017 angstroms 
Chi-squared: 0.5 

Dihedral angles between least-squares planes 
plane plane angle 
3 1 120.80 

3 2 98.53 
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Table of Least-Squares Planes (continued) 


Plane number 4 


Atoms Defining Plane 
NlD 
N2D 
.C3D 
C4D 
C5D 


Dj.stance 

esd 

0.0034 

0.0041 

-0.0053 

0.0041 

0.0095 

0.0057 

-0.0070 

0.0064 

-0.0004 

0.0053 


Mean deviation from plane is 0.0051 angstroms 
Chi-squared: 5.9 


Dihedral angles between least-squares planes 
plane plane angle 

4 1 121.30 

4 2 98.17 

4 3 60.40 


Plane number 5 


Atoms Defining Plane 
NIE 
N2E 
C3E 
C4E 
C5E 


Distance 

-0.0005 

0.0006 

- 0.0010 

0.0004 

0.0003 


esd 

0.0042 

0.0042 

0.0062 

0.0063 

0.0057 


Mean deviation from plane is 0.0006 angstroms 
Chi-squared: 0.1 


Dihedral angles between least-squares planes 
plane plane angle 

5 1 76.81 

5 2 59.60 

5 3 92.14 

5 4 46.12 



Table of Least-Squares Planes (continued) 


Plane number 6 


Atoms Defining 

Plane 

Distance 

esd 

NlF 


0.0008 

0.0039 

N2F 


-0.0015 

0.0040 

C3F 


0.0027 

0.0053 

C4F 


-0.0024 

0.0062 

C5F 


0.0002 

0.0050 

Mean deviation 

from plane 

is 0.0015 

angstroms 

Chi-squared ; 

0.6 




Dihedral angles between least-squares planes 
plane plane angle 

6 1 73.25 

6 2 49.27 

6 3 49.27 

6 4 73.86 

6 5 68.45 
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FUTURE SCOPE OF THIS WORK 

In the first part of this thesis (Chapters 2-4) we have 
addressed a fundamental research problem of identifying steric/ 
electronic effect. Systematic identification of steric effect was 
not studied before the present work.. We have identified the 
predominance of incremental contribution of steric factor over 
electronic or vice versa using absorption spectroscopy and elec- 
trochemistry as experimental tools. Systematic changes in bond 
lengths from X-ray structures could also be employed for precise 
identification of these effects. If one solves crystal structure 
for all three bis chelates of any series, the observed M-N bond 
distances will provide substantial information in this field. 
However, we were able to solve the crystal structure of only one 
of the bis chelates of iron(II) in this thesis work. Proper 
manipulation of the ligand framework can also be employed to 
separate out steric and electronic factors. Efforts are on, in 
this laboratory, along those lines. More informations could be 
gathered if one solves crystal structure of iron(II) spin-equili- 
brium complex at room temperature as well as at low temperature. 

The second aspect of the thesis (Chapters 5-7) deals with 
dinuclear core formation using tridentate nitrogenous capping 
ligands. Obviously, a lot can be done on these systems. The 
present report is just an initiation from this laboratory. The 
uniqueness of our (u“Oxo)(M.-carboxylato)diiron(III) complexes is 
their somewhat enhanced antiferromagnetic exchange coupling 
compared to many related systems reported in the literature. X- 
ray structure of any of our oxo-bridged diiron complexes will 
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provide information about the disposition of unsymmetrical 
chelate rings around the coordination sphere of iron. 

Dinuclear oxo-bridged ruthenium complex has a novel reacti- 
vity property of oxidizing water stoichiometrically . More inter- 
esting results will come out from critical studies on this 
compound. The high positive potential of RuI^Rum/Ru2^^^ couple 
has made the diruthenium( III ) state more stable and thus isolation 
of one electron oxidized species has not been achieved in this 
work. However, proper manipulation of the field strength of 
terminal ligands will help to isolate the diruthenium(IV,III) 
species more easily. Reactivity properties of the bis()jL-oxo)(jJi- 
acetato) dimanganese (IV, III) complex would be of significant 
interest as the bridging acetate is labile in nature. X-ray 
structures of these complexes would be of paramount importance. 



